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The  fundameoial  motivation  for  the  reacareh  presented  in  this  dissertation  was  the 
need  to  development  a more  accurate  prediction  method  for  characterization  of  mixed 
radiation  fields  around  medical  electron  acceleralora  (MEAs).  Specifically,  a model  is 
developed  for  simulaiioii  of  neutron  and  other  particle  production  from  phoionuelear 
reactions  and  incoipomled  in  the  Monte  Carlo  N-Particle  (MCNP)  radiation  Iranspun 
code.  This  extension  of  the  capability  ivithin  the  MCNP  code  provides  for  the  more 
accurote  assessment  of  the  mixed  mdiation  holds. 

The  Nuclear  Theory  and  Applications  group  of  the  Los  Alamos  National 
Lsboraloiy  has  recently  provided  first-of-a-kind  evaluated  photonuclear  data  fora  select 
group  of  isotopes.  These  data  provide  the  reaction  probabilities  as  functions  of  incident 
photon  energy  with  angular  and  energy  distribution  information  for  all  reaction  products. 


The  aveilabiliry  of  these  data  is  the  comcistone  of  the  new  methodology  for  state-of-the- 
art  mutually  coupled  photon-neutron  transport  simulations. 

The  dissertatioo  includes  details  of  the  model  dcvulc^ment  and  implcmenintion 
necessary  to  use  the  new  photonuclear  data  within  MCNP  simularioos,  A new  dam 
format  has  been  developed  to  include  tabular  photonuclear  data.  Data  are  processed  Irom 
the  Evaluated  Nuclear  Data  Format  fENDF)  to  Ihe  new  class  'u'  A Compact  ENDF 
(ACE)  format  using  a siandalooe  processing  code.  MCNP  modificosions  have  been 
compleied  to  enable  Monte  Carlo  sampling  of  phoionuclcar  mocriens.  Note  that  both 
neutron  and  gamma  production  are  included  Id  (he  present  model. 

The  newcepability  has  been  subjected  to  extensive  verification  and  validation 
(V&V)  testing.  Verification  testing  has  established  Ihe  expected  basic  funclionality. 

Two  validatico  projecls  were  undertakea.  First,  comparisons  were  made  to  benchmark 
data  from  liiemtuie.  These  calculations  dcmonstmic  the  accumcyoflhe  new  data  and 
transport  routines  to  better  than  25  percent.  Second,  the  ability  to  calculate  radiation  dose 
due  to  the  neutron  environment  around  a MEA  is  shown.  An  uncertainty  of  a factor  of 
three  in  the  MEA  calculattons  is  shown  to  be  due  to  uncertainlies  in  the  geometry 
modeling.  It  is  believed  that  the  methodology  is  sound  and  that  good  agreement  between 
simulorion  and  experiment  has  been  demonstrated. 


CHAPTER  1 
INTRODUCTION 


both  the  Nuclear  and  Radiological  Engineering  Deparanent  and  the  Dcpanment  of 


the  radiation  environment  around  typical  radtothcrapy  equipment.  The  goals  in  mind 


During  the  course  of  Ihese  early  studiM.  it  was  observed  that  the  simulation  of 
photonuclear  interactions  had  not  received  the  systematic  treatment  that  electron, 


codes.  This  presented  a ripe  opportunity  for  a doctoral  project  and  the  wot*  you  read 
today  is  the  final  result. 


task  of  simulating  photonuclear  interactions.  It  was  quickly  detennined  that  the  sin^e 
greatest  obstacle  to  performing  photonuclear  simulations  was  the  lack  of  coraplele 


s-seclion  daia  are  die  fundamental  keys  to  performing  high-accuracy  Monte  Carlo 


radiation  irtmsport  simulations.  As  a result  of  the  lack  of  such  data.  Ihe  concept  proposed 


method  for  usiog  eaperimenla!  photoneurren  data  to  assess  inter 


available  by  developing  a 
racrion  probabilities  and 


nuclear  modeling  lo  estimate  emission  spectra.  Then,  using  this  data,  a woricing 
simulation  would  be  implemented  for  use  in  making  general  predictions  of  the  neutron 
flux  in  the  vicinity  of  high-energy  medical  electron  acceleratora  (MBAs). 

The  impottance  of  the  nssessment  of  the  neutron  field  around  MBAs  is  a long- 
sunding  subject  of  debate.  It  has  been  known  since  early  in  the  development  of  high- 
energy  electron  acceleratora  that  they  create  neutrons  as  a by-product.  The  term  by- 
product is  used  because  neutrons  are  lypicnlly  viewed  as  a contaminant,  not  an  asset. 

Since  MEAs  have  become  the  wotkhorac  of  ihe  radiolherapy  community,  the  production 
ofneuironsftom  these  machines  is  a significant  concern.  In  the  use  of  MEAs  for 
radiolherapy,  the  desire  is  lo  minimize  ihe  harm  caused  by  the  neuiron  dose  lo  the  patient 
and  workers  during  Ihe  necessary  delivery  of  eledron-pholon  dose  lo  treai  cancerous 
grawlhs. 

The  mosi  intense  investigalion  of  the  neuiron  produclion  and  transporl  around 
MEAs  was  during  the  1970's  and  early  1980's  when  the  electron  energies  used  in  routine 
treamienis  began  to  climb  above  the  threshold  for  significant  phoioneutron  production. 
The  two  most  noteworthy  publications  on  ihis  subject  date  Irom  that  time.  In  1979,  ihe 
National  Bureau  ofSlandards  held  a conference  devoted  to  examining  ihc  produedon  of 
neutrons  from  MEAs  1 1 ].  Several  years  laler,  in  1984,  ihe  National  Council  on  Radiation 
Protection  and  Measuremenis  |NCRP)  released  a report  (2)  documeating  their 
recommendations  for  assessing  risks  associated  with  the  produenon  and  transport  of 
neutrons  within  a MEA  treatmcnl  room.  Hovrever,  despite  a wealth  of  studies  produced 
before,  during  and  siuee  those  seminal  works.  Ihc  systematic  treatment  of  Ihc  simulation 


of  phoiooeutron  produclion  has  not  been  addressed,  hence  the  defining  motivation  for  the 
current  wo^. 

It  should  bo  noted  that  this  work  haa  been  approached  from  the  perspective  of 
nuclear  and  radiologicaJ  engineering,  not  necessarily  that  of  medical  physics.  To 


provide  a systematic  treatment  of  photoneuiron  producBon  as  a part  of  the  simulation  of 
electron  accelerators.  11  is  an  applied  objective  in  the  sense  that  the  end  product  is  a tool 

quantifying  the  uncertainty.  The  final  product  may  then  be  used  by  future  teseairhcis  to 
continue  efforts  in  this  field  aimed  at  understanding,  evalualing  and  reducing  neutron 
coniaminntion  around  electron  accelerators. 


radiation  transport  code  [3]  would  be  used  as  the  base  for  the  development  of  a 
simulation  code  including  photoneutroo  producHon.  This  choice  was  made  for  a number 
of  reasons.  First  and  foremost,  it  wns  desired  to  build  upon  an  well-established  code  in 
Older  to  take  advantage  of  existing  validated  algorithms.  In  addition,  the  author  was 
already  familiar  with  theuseofMCNP  for  transport  simulalions. 

MCNP  provided  the  desired  base  for  starting  an  effort  to  integrate  pholonucicar 
physics  into  a radiation  transport  code.  It  already  included  the  algorilbdis  and  data 
necessary  lor  modeling  electron,  photontomic  and  neutron  transport.  More  than  that,  it 
has  been  the  product  of  hundreds  of  man-years  of  development  dating  back  to  the  very 
onginaiora  of  the  Monte  Carlo  radiation  transport  method  (4].  This  development  work 
has  been  verified  and  validated  through  the  efforts  of  thousands  of  users  for  a wide  range 


of  problems.  SpecificsJly.  MCNP  includes  both  an  electron-photon  and  a neutron 
transport  package,  each  of  which  have  a well-established  history  of  use.  In  ftet,  as  will 
be  discussed  in  the  following  chapter,  MCNP  had  already  been  used  for  simple 
uncoupled  simulation  afphotonoutron  production  and  subsequent  neutron  transport. 
Therefore,  all  that  remained  was  to  fontinlize  the  coupling  between  the  two  transpon 
packages  and  provide  verification  and  validation  of  the  new  fiinctionality. 

However,  the  modification  of  a large  code  is  a daunting  task.  MCNP  is  40.000 
lines  of  highly  interdependent,  extremely  terse  Fortran??  code.  When  it  was  first 
developed,  the  formal  idea  of  software  management  had  not  yet  been  conceived. 
Therefore,  after  floundering  among  the  biu,  the  aulhor  approached  the  X-S  group  at  the 
Los  Alamos  Nationol  Uboraiory  (LANL),  who  maintaio  the  MCNP  code  and  its  tabular 
dam,  about  the  possibility  of  a colloboradon  to  pursue  this  vrork.  The  reception  (his  idea 
received  was  much  more  than  expected. 

For  the  aulhor,  this  worti  embodies  the  soying  ^ui  being  in  the  right  place  at  the 
right  lime.  As  discussed  above,  the  primary  obstacle  to  accurate  simulation  of 
pholonuclcar  inlersctiDns  has  been  the  lack  of  compiele,  evaluated  data  necessary  for 
tabular  Monte  Carlo  sampling.  Not  only  were  the  staff  al  LANL  interested  in  purauing  a 
collaboration,  they  were  willing  to  install  the  author  onsite  with  access  to  the  MCNP 
development  team  and,  more  importantly,  access  to  fiist-of-D-kind  evaluated 
pholonuclcar  data.  The  full  significance  of  this  will  be  discussed  In  the  following 
chapter 

The  remainder  of  this  dissertation  is  composed  of  four  main  chapters  and  Ihe 
conclusions.  The  next  chapter  provides  a basic  understanding  of  the  mechanics  of 


phDtonuclear  physics  and  the  dala  and  models  available  to  describe  them.  While  Uiem  i 
not  an  abundance  of  Mpciimemal  daia  or  validated  nuclear  models,  it  is  imponnnt  to 
discu-ss  what  is  available.  In  particular,  the  creation  of  the  newly  available  evaluated 
phoionuclear  data  is  discussed.  As  pan  of  this  ehapier,  previous  photonuelear  studies 
will  be  mentioned  to  indicate  how  the  available  data  have  determined  the  fidelity  of 


The  Ihiid  chapter  begins  the  original  work  presented  here  for  consideralion.  It 
opens  with  a brief  discussion  on  the  data  needed  to  perfoim  a Monte  Carlo  simulation. 
From  there  it  progresses  through  the  development  of  the  necessary  formats  for  storing  the 
data,  how  evaluated  dala  are  manipulated  into  those  fomiats  and.  finally,  how  the  data  are 
actually  used  within  Ihe  transport  code.  This  chapter  is  the  core  of  the  work  presented. 
The  developments  discus.>ied  meet  and  exceed  the  original  goal  of  providing  a systematic 
treaimeni  of  pholoneutron  production. 

With  this  new  ohilily  To  perform  fully  coupled  phoionuclear  simulations,  the  next 
siep  was  to  estimate  Ihe  uncertainty  in  the  use  of  the  simulation  with  the  cuireni 
cvaluaied  dala.  The  fourth  chapior  prcsenis  die  concepts  of  verification  and  validation  as 
methods  to  assess  how  well  the  oewly  developed  simulation  capability  is  able  to  calculale 
neutron  pioduclion  from  high-energy  electrons  incident  on  materials  for  which  evaluated 
data  exist.  It  presents  two  sets  of  yield  mcasurcraenis  found  in  ihe  literature  and  shows 
comparisons  to  the  current  calculated  values.  Conclusiona  aboul  the  uncertainly  in  the 
new  capability  are  drawn  from  these  comparisons. 

As  the  original  motivalion  for  Ihis  work  was  the  mote  accurate  simulation  of 
medical  electron  accelerators,  the  fifth  chapior  presents  an  initial  aasessmett  of  one  of  the 


: u ShantU  Cancer  Ccmct  al  ttie  University  of  Florida.  The 


accelerators  curremly  in  use 


during  this  work.  The  final  chapter  summarizes  the  developments  and  conclusions  of  this 


CHAITER  2 
BACKGROUND 


IntriKlucliufi 

The  single  grearesi  obstacle  to  accatate  simulation  of  phoionuolear  mteracrions 
within  the  confines  of  Monte  Carlo  radiation  transport  has  been  the  lack  of  evaluated, 
complete  data.  The  use  of  probabilities  to  sample  interaction  rates  and  resultant  products 
is  the  key  dcfuiing  foatuir  of  Monte  Carlo  transport.  This  can  be  done  either  through 
nuclear  models  or  by  tabular  dam.  Evaluated  tabular  data  contain  the  most  accurate 
description  of  the  data  available  as  determined  by  an  evaluator  based  on  judgement  of  the 
experimental  measurements  and  nuclear  modeling  available.  For  tabular  data,  complete 
indicates  that  in  addition  to  reaction  cross  sections,  all  resultant  products  are  given  with 
energy  and  angular  emission  spectra  as  a function  of  incident  particle  energy. 

Evaluated  data  are  based  oo  the  best  judgement  of  a data  evaluator.  This  small 
field  of  researcbem  has  in-depth  knowledge  ofbolh  the  experimental  data  and  the  nuclear 
models  available  to  describe  nuclear  reaciians  for  an  incidenl  particle  on  a given  target 
nucleus.  Both  expcrimcnlal  data  and  nuclear  models  are  required  for  this  process. 
Experimental  measuremcuis  are  the  best  descriptions  of  physical  reality  as  they 
demonstrate  measured  fact.  However,  experimental  measurements  ore  difficull  to  obtain 
and  never  cover  the  full  regime  of  imciesL  Nuclear  models  are  complete  descriptions  of 
interactions  based  on  theory.  Both  are  subject  to  error.  Therefore,  the  evaluator  must  use 


ctperiencc  and  judgcmenl  u mold  thaoiy  and  exptrimont  inlo  die  best  available 
description  of  die  data. 

For  tnuispott  siraulations,  it  is  necessary  ro  have  complete  descriptions  of  the 
interactions.  Cross  sections  describe  the  interaction  probability  for  a panicle  traversing  a 
material  as  a function  of  the  ioeident  particle's  energy.  Emission  speerra  describe  the 
energy  and  angle  of  the  secondary  particles  resulting  from  an  interaction  once  it  bas 
occurred.  It  is  in  the  estimation  of  this  second  set  of  information  that  nuclear  models  are 
essential.  They  can  provide  self-consistent  complete  descriptions  of  the  emission  spectra. 

Evaluated,  complete  tabular  data  arc  geoerally  considered  the  most  accurate 
description  of  the  interactions  available.  Until  very  recently  such  data  have  nor  existed 
for  pboionuclear  interactions.  As  will  be  discussed  b the  section  of  this  chapter  entitled 
Current  Devclopmenis,  several  groups  of  evaluators,  both  bthe  United  Slates  and 
inieraationally.  have  recently  provided  such  data.  Before  discussing  the  newly  available 
data,  it  is  worth  stepping  back  and  taking  a brief  look  at  the  physics  of  photonuclear 
interactions  and  the  history  of  the  experimental  data  and  simulation  models  deacribiog 


word  and  it  must  be  placed  in  context  for  it  to  be  truly  meaningful.  Within  the  body  of 
this  work,  the  phrase  "expcnmeolal  data"  refers  to  measurements  made  under  Inborolory 
conditions.  "Theoretical  data"  refers  to  values  computed  using  some  form  of  an 
analytical  model  based  strictly  on  theory  or  guided  by,  but  not  directly  taken  ftom, 

experimcmal  data.  The  term  "evaluated  data"  has  been  described  above.  "Tabular  data" 
indicate  values  listed  at  discrete  pobis  in  the  phase  space.  "Bencbmnric  data  are 


theoretical,  experimeriul  or  calculated  data  considered  to  be  correct.  To  confuse  the 
issue,  data  often  fail  into  more  than  one  categoty. 

Physics  of  Photonuclear  liilerncUons 

It  is  important  to  spend  s few  moments  discussing  the  physics  behind 
phoionuclear  reactions  in  onler  to  provide  a context  for  describing  the  information 
contained  unlhin  the  evaluated  data.  The  deacriptioo  presented  here  is  not  intended  to  be 
a comprehensive  explanation  of  the  nuclear  physics  underlying  this  phenomena.  Rather 
it  is  intended  to  be  an  illustrative  descriplion  presenting  the  basic  concepts  and  providing 
useful  references  for  further  derails. 

A photonuclear  interaction  begins  with  ihc  absorption  of  a phoion  by  a nucleus. 
There  are  many  mechanisms  by  which  this  can  occur.  The  data  currently  avaiUble  focus 
on  the  energy  range  up  to  1 50  MeV  incident  photon  energy.  The  value  of  1 50  MeV  was 
chosen  as  this  energy  is  just  below  the  threshold  for  the  production  of  pinns  and  the 
subsequent  need  for  much  more  compheatod  nuclear  modeling.  Below  1 50  MeV,  the 
primary  mechanisms  for  photoabsorption  ore  the  excitation  of  either  the  giant  dipole 
resonance  or  a quasi-dcuteron  nucleon  pair.  AconeeptuaJ  illustration  of  these  processes 
is  given  in  Figure  2-1. 

The  giant  dipole  resonance  (GDR)  absorption  mechanism  con  be  conceptualized 
as  the  electro-tnagnciic  wave,  the  photon,  interacting  with  the  dipole  moment  of  the 
nucleus  as  a whote.  This  results  ina  collecnvcexcilation  ofthc  nucleus.  Itisihemosi 
intense  process  by  which  photons  interact  with  the  nucleus.  It  occurs  with  highest 
probnbility  when  the  wavelength  of  the  photon  is  comparable  to  the  size  of  the  nucleus. 
However,  this  resonance  is  peaked  with  a width  of  only  a few  MeV.  For  deformed 


nuclei,  a double  ] 


dius.  Ouuideofihc 


peak  region,  Ihe  GDR  reaclions  are  negligible.  A more  complete  description  of  this 
process,  and  of  nuclear  phystes  in  general,  can  be  found  in  the  text  by  Bohr  and 
Mottelson  [5]. 

The  quasi-deuleron  (QD)  absorption  mechanism  can  be  conceptualized  as  Ihe 
electro-magnetic  wave  inleracling  with  the  dipole  moment  of  a correlated  nculron-proton 
pair.  In  this  case,  the  neutron-proton  pair  can  be  thought  of  as  a quasi-dcuteron  having  a 
dipole  moment  with  which  the  photon  can  inleraci  This  mechanism  is  not  as  intense  as 
the  GDR  but  it  provides  a significant  background  cross  section  over  all  incident  photon 
energies.  The  seminal  work  describing  this  process  was  published  by  Levinger  16.7], 
Recent  efforts  to  model  this  process  includes  Ihe  work  of  Chadwick  ctal.  |8|. 

Once  Ihe  photon  has  been  absorbed  by  the  nucleus,  one  or  more  secondary 
panicle  emissions  can  occur.  The  secondary  particles  typically  entitled  for  the  ene^ 
range  below  1 50  MeV  are  neutrons,  proicms.  dcutetons,  mums,  hcUum-3  or  alphas,  or  a 
combinadon  thereof.  Any  emission  process  that  does  not  leave  the  residual  nucleus  lo 
the  ground  stale  will  also  produce  secondary  gamma-ray  emission.  The  photonuclcar 
threshold  for  the  production  of  a given  secondary  particle  is  governed  by  the  separation 
energy  ofibatpurticle.  Pre-equilibrium  and  equilibrium  emission  are  responsible  for 
most  of  Ihe  secondary  particles  emitted  by  photon  imeraeiions  over  the  energy  range 
under  discussion  though  direct  particle  emission  is  possible. 

Pre-equilibrium  emission  con  be  ccmeeptualized  as  u porticle  within  flic  nucleus 
that  receives  a large  amount  of  energy  from  flic  absorption  mechanism  and  escapes  the 
binding  force  of  Ihe  nucleus  after  at  least  one  but  very  few  inieraclioiB  with  other  nuclei. 
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Typically  this  occurs  (rom  QD  absocpUon  of  Ihc  pholon  where  ihe  incident  energy  is 
initially  split  between  the  neutron-proton  pair.  Particles  emitted  by  this  process  tend  to 
be  characterized  by  higher  emission  energies  tind  forward-peaked  angular  distriburions. 
Several  references  are  available  on  the  general  emission  process  after  photoabsorption  (9- 
II]. 

Equilibrium  emission  can  be  conccpninlized  as  particle  evaporation.  Typically 
this  process  occurs  after  the  available  cner©  has  been  generally  distributed  among  the 
nucleons.  In  the  classical  sense,  particles  boil  out  of  the  nucleus  as  they  penetrate  the 
nuclear  potential  harrier.  The  barrier  may  contain  conmbuftons  from  coulomb  potentini 
for  charged  panicles  and  cffeols  of  angular  momenrum  cooservanon.  It  should  be  noted 
that  for  heavy  elements,  evaporation  neutrons  are  emitted  preferentially  as  they  are  not 
subject  to  the  coulomb  barrier.  Particles  emitted  by  this  process  tend  to  be  characterized 
by  isotropic  angular  emission  and  evaporation  energy  spectra.  The  same  references  [9- 
I ! ] apply  as  for  pre-equilibrium  emission. 

For  all  of  the  emission  reactions  discussed  thus  far,  the  nucleus  will  most 
probably  be  left  in  an  cicited  slate.  It  will  subsequently  relax  to  the  ground  state  by  the 
emission  of  one  or  more  gamma-rays.  The  gamma-ray  energies  follow  the  well  known 
potiems  for  relaxation,  The  only  reactions  which  do  not  produce  gamma-rays  are  direct 
reactions  where  the  pholon  is  absorbed  and  all  available  energy  is  transfciTed  to  a single 
emission  panicle  leaving  the  nucleus  in  Ihe  ground  stale. 

Reactions  at  higher  energies,  greater  lhan  150  MeV,  require  more  complete 
descnpiions  of  the  underlying  nuclear  physics.  The  della  resonance  and  other  absorption 
mechanisms  become  sign!  fleam  and  the  amoum  of  energy  involved  in  the  reaction 


presBnu  ihe  opponunity  fot  ihe  production  of  mote  fundamental  particles,  e.g.  pions. 
While  beyond  Ihe  scope  of  this  current  work,  descriptions  of  the  physics  involved  can  be 
found  in  the  paper  by  Fasso  el  el.  |I2], 

The  study  of  phoionuclear  physics  has  been  important  for  two  eomrauniiies, 
nuclear  physics  and  health  physics.  Obviously,  ihecuircnt  work  approaches  this  subject 
from  the  viewpoint  of  the  second  community.  As  such,  the  descriptions  above  have  tried 
to  convey  a general  picture  of  the  mechanisms  gnveming  phoionuclear  interactions.  To 
bring  this  inlo  Ihe  overall  picture  of  photon  transpon,  Ihc  probability  that  a photon  will 
undergo  a phoionuclear  interaction  is  not  more  than,  and  typically  much  less  than,  seven 
percent  of  the  total  photon  mtcraciion  probability.  However,  this  mechanism  can  provide 
a source  of  nuclear  particles,  specifically  neutrons,  that  consntutc  a significant  health 
physics  risk. 

Experimental  Phoionuclear  Dalo 

Experimental  measurements  provide  Ihe  fundamental  values  describing 
interaction  probabilities,  i.e.  reaction  cross  sections,  and  the  subsequent  yield  and  ^eclm 
of  secondary  panicle-s.  Unfominaiely,  there  are  relatively  few  accurate  measurements  of 
the  phoionuclear  reaction  cross  sections  in  comparison  to  the  meosurements  that  have 
been  made  for  neutron  reactions.  The  vast  majority  of  the  available  experimental  data  arc 
the  result  of  unfolding  pensuremems  made  by  brcmsstrahlung  itiadiaiion.  These  data 
suffer  from  extremely  large  uncertainties  due  to  the  unfolding  process  and  are  not 
generally  accurale  enough  to  be  used  on  their  own  as  a basis  far  evaluated  data.  The 
cross  section  measuremenis  using  lagged  bremssirahlung  or  phoion  emission  from  in- 
flight positron  annihilation  are  generally  considered  to  be  hi^ly  accurate.  However, 
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relatively  few  measurements  of  this  type  have  been  made, 
data,  these  measurements  typically  do  not  include  photonuclear  secondary  emission 
spectra.  For  the  experimental  data  that  are  available,  several  compilations  similar  to  the 
Neutron  Bam  Book  [13]  exisL 

The  first  comprehensive  listing  of  experimental  data  was  produced  by  Fuller 
working  at  the  National  Bureau  of  Standards  fNBS)  and  is  generally  known  as  the 


publications  of  experimcnial  data  at  that  rime.  Dietrich  and  Betman  published  two 
editions  of  the  Photonuclear  Atlas  [16.17],  These  compilations  contain  only 
measurements  made  with  photons  produced  from  the  in-flight  annihilation  of  positrons  or 
togged  bretnsstrahlung.  The  mosl  recent  compilation  of  photonuclear  dale  has  been 
carried  out  by  Varlamov  cl  al.  [18|-  These  are  the  primary  references  for  locaung  the 
available  experimental  photonuclear  data. 

As  most  of  the  referenres  in  these  publications  cooiain  the  measured  dau  in  the 
formofplou,  it  is  woithmennoning  two  further  resources.  Dietrich  and  Berman  created 
an  electronic  tabulation  of  the  cross-section  measurements.  The  tabulation  is  available 
from  the  authors.  The  EXFOR  database  [19]  maintained  by  the  National  Nuclear  Data 
Center  contains  tabular  listings  of  many,  but  not  all.  of  the  reported  measurements. 
Varlamov  el  al.  hove  tried  to  update  the  EXFOR  daubasc  with  the  data  from  their 
compilation  but  it  still  coninins  only  a small  perceninge  of  the  repotted  daiu. 

Previous  Phulonucleor  Studies 

This  section  provides  a brief  description  of  some  of  the  known  studies  dial  have 
assessed  photonuclear  interactions  for  various  reasons.  It  is  not  a comprehensive  review 


of  the  ovailnblc  literature  but  rutbet  provides  oiampies  of  the  type  of  work  performed  in 
past.  It  is  described  here  in  order  to  provide  a context  by  which  to  show  how  the  current 
work  has  advanced  the  previously  available  capabilities. 

One  of  the  first  studios  in  this  field  was  the  work  of  Alsmiller  et  al.  [20-22] 
carried  out  at  the  Oak  Ridge  National  Laboratory  in  the  late  1960’s.  These  calculaHons 
were  performed  using  an  intra-nucicar-cascadc  model  to  esbmaie  the  neutron  yield  and 
spectra  from  1 50  MeV  electrons  incident  on  selccied  materials.  This  work  was  carried 
out  in  pan  to  help  select  the  target  materia!  for  use  as  a photoncuiron  source  in  the  Oak 
Ridge  Electron  Linear  Accelerator  Focility(ORELA).  Subsequent  work  by  this  group 
included  extending  their  code,  known  as  PICA,  to  handle  higher-energy  incident  photons 
[23,24].  Similar  studies  havebcen  performed  by  Hnn-scnetal.  [25]  and  Ka.se  et  al.  [26]. 

The  FLUKA  [12],  MARS  [27]  and  CEM  [28]  codes  provide  Monte  Carlo 
sonipling  of  photonuclear  interactions  in  the  medium-  to  high-energy  regime.  These 
codes  compute  the  inietaction  probabilities  and  secondary  particle  emission  spectra  on- 
ihe-fly  during  the  transport  process  from  nuclear  models.  Recent  work  on  the  FLUKA 
radiation  transport  code  is  particularly  notewoithy  in  that  it  uses  empirical  fits  to 
experimental  data  to  extend  its  applicability  to  the  GDR  (low-energy)  region. 

These  codes  arc  all  alike  in  the  sense  that  they  suffer  from  inaccuracies  inherent  in 
estimating  the  photoabsotption  process.  While  there  are  systematic  trends  in  the 
pbotoahsorption  data,  there  can  be  significant  dissimilarities  for  some  isotopes  that 
neither  theoretical  nuclear  models  nor  empirical  fils  reproduce.  These  dissimilarities  are 
most  noticeable  al  lower  energies,  especially  around  ihc  GDR  peak,  and  for  lighter 
isotopes.  However,  these  codes  are  primaiy  used  for  intermediate-  to  high-energy  (lOO’s 
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Ihc  models  ai  low  energies  are  nol  of  greni  concern.  It  should  be  noted  that  transport 
bosed  primarily  on  nuclear  models  has  the  advantage  that  reactions  can  be  computed  on 
any  target  material  and  emission  descriptions  are  available  for  all  secondaiy  pamcles. 

Many  studies  needing  an  accurate  assessment  of  neutron  production  from  photons 
in  the  low-energy  regime  have  used  a differcol  methodology.  The  photon  llux  in  a given 
geometry  can  be  calculated  either  by  analytical  iheoiy  or  by  an  electron-photon  transport 
code.  This  fiux  can  then  be  folded  with  an  expctiioental  photoncuiron  cross  section  to 
estimate  the  neutron  production.  Emission  energy  and  angle  spectre  are  assumed  and  the 

of  studies  using  this  melhod  include  wothsby  Swanson  [29-33],  McCall  et  al.  [2], 
Manfredoni  et  al.  [34],  Agostcoetal.  [35.36],  Gallraeier[37],  Liu  et  al.  [38]  and 
Chadwick  et  al.  [39].  These  studies  have  focused  on  cslimating  the  health  physics  effects 
of  neutrons  produced  from  low-energy  electron  accelerators.  The  use  of  this  method  for 
that  purpose  is  difficult  due  to  the  meticulous  care  necessary  in  coupling  the  procedures 
and  significant  error  is  possible  if  done  inappropriately. 

The  are  many  diflicuhiea  inicsing  experimental  dala  in  an  uncoupled  sitntUatioo. 
Experimental  dala  must  be  found  covering  the  relevant  reactions,  isotopes  and  energy 
range  of  interest  to  the  simulation.  Where  such  data  do  not  exist,  interpolation  should  be 
used  but  introduces  an  unknown  source  of  error.  Experimeutal  data  describing  emission 
spectre  do  not  generally  exist  Therefore,  emission  spectra  must  be  estimated  using 
nuclear  modeling  or  other  techniques.  The  simple  models  that  have  been  used  in  past  to 
estimate  these  distributions  often  do  not  fully  represenl  the  true  emission  spectra. 
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Simulations  using  this  methodology  are  typically  nm  in  a series  of  tocremenlal 
steps.  First,  the  photon  flu*  is  used  to  esnraato  the  neutron  production.  Error  can  be 


neutron  source.  The  neutron  source  is  then  given  energy  and  angular  distributions  and 
subsequent  neutron  transport  is  performed.  Error  can  be  introduced  at  this  step  by  the 
inadequacies  in  the  spatial  description  of  the  sampled  neutron  source  and  in  the  energy 
and  angular  distributions  and  their  appropriate  assignment  to  the  source  neutrons  Lastly, 
the  stotistioal  correlation  to  estimate  the  uncertainty  in  the  simulation  ore  lost  because  the 
trarspoit  is  not  fully  coupled.  The  worits  referenced  in  the  previous  paragraph  have 
attempted  to  solve  one  or  some  of  these  problems.  Tlie  curreot  work  seeks  to  address  all 
of  these  problems. 

Current  Developments 

The  greatest  obstacle  to  Monte  Carlo  simulation  of  fully  coupled  photon-neutron 
transport  using  tabular  data  has  recently  been  overcome.  Several  projects  ouhe  Los 
Alamos  National  Laboralory  (LANL)  have  discovered  die  need  to  accoum  for 
phoionuelear  Interactions  b accclemior  environments.  Therefore,  the  Nuclear  Theory 
and  Applications  Group  (T-2)  of  the  Theoretical  Division  was  commissioned  by  the 
Accelerator  Production  of  Tritium  (APT)  project  to  produce  a number  of  phoionuelear 
evaluations  as  part  of  the  LA  150  data  library  [40).  These  evaluations  were  craaicd  using 
the  GNASH  nuclear  model  code  [4 1 1 as  guided  by  esperimcnial  data.  The  library 
produced  conuin  complete,  evaluated  data  for  incident  neutrons,  protons  and  photons 
(for  phoionuelear  reactions)  for  the  energy  range  up  to  1 50  McV.  For  a limited  set  of 


isowpes,  svaJuated  dau  were  erealed  in  association  with  the  MCNPX  code  to 
significamiy  advance  the  siste-of-the-art  in  Monte  Carlo  radiation  transpcptt. 

To  backtrack  for  a moment,  the  Monte  Carlo  N-Patticle  (MCNP)  radiation 
transport  code  |3)  has  the  goal  of  being  the  most  accurate  simulation  code  for  neutron- 
photoo-eleclron  radiation  transport  available.  It  seeks  to  accomplish  this  goal  by  the  use 
of  tabular  evaluated  data,  loletestingly,  these  same  data  define  ihc  scope  of  MCNP’s 
applicability.  MCNPX  (42)  has  the  goal  to  extend  Ihe  region  of  applicability  of  MCNP  to 
those  particles  and  energies  present  around  high-eneigy  accelerators.  It  seeks  to 
accomplish  this  goal  by  incorporating  Bbular  evaluated  daia  where  available  and 
supplementing  the  tabular  data  with  nuclear  models  where  necessary.  Both  of  these 
codes  desire  ihc  incorporation  of  pboionuclcar  interactions  to  enable  ihe  coupled 
simulanon  of  photon-neutron  transport  problems.  This  work  presents  Ihe  development 
and  implementation  of  ihe  newly  available  evaluated  photonuclear  data  for  that  purpose. 

The  research  community  at  LANL  is  not  the  only  group  which  has  recognized  the 
need  to  provided  evaluated  photonuclear  data.  It  is  interesting  to  oole  that  the 
Iniertiaiional  Atomic  Encr©  Agency  (IAEA)  has  created  a Coordinated  Rnsearch  Project 
(CRP)  entitled  "Compilation  and  Evaluation  of  Pbotoiiuclear  Data  for  Applications  [43]. 
A library  containing  photonuclear  evaluattons  of  IdO  isotopes,  including  some  of  those 
produced  by  T-2  at  LANL,  will  be  released  in  2000  together  with  docuniemalion  io  on 
IAEA  report  [44].  This  library  should  provide  sufficient  tabular  data  to  perfomi  most 
simularions  where  pboloauclear  reactions  are  of  interesL 


CHAPTERS 

IMPLEMENTATION;  COUPLING  PHOTONUCLEAR  PHYSICS  INTO  MCNP(X) 

Introduction  toTnbular  Monte  Carlo  Radiation  Transport 
Monte  Carlo  nidiaiion  Iranapon  as  defined  within  the  scope  of  the  Monle  Catlo 
N-Particle  (MCNP)  code  is  the  itansporl  ofiadialion  through  a geomelry  by  tandom 
sampling  of  labular  inieracijon  ptobabtlilies.  MCNPX  is  built  upon  the  same  foundation 
but  includes  the  extension  to  use  nuclear  models  to  generate  interaction  probabilities  if 
tabular  data  do  not  exist.  The  focus  of  this  chapter  is  to  show  the  steps  necessary  to 
provide  and  use  evaluated  tabular  pbolonnclcar  data  within  MCNP(X).  MCNPfX)  is 
used  through-oul  this  chapter  in  reference  to  both  MCNP  and  MCNPX.  A general 
familiarity  with  either  of  these  codes  is  assumed  in  the  following  discussion. 

Many  steps  arc  necessary  to  implement  pbotonuclear  physics  within  the 
MCNP(X)  code.  First  the  pbotonuclear  data  must  be  available  in  a formal  that  can  be 
used  in  a transport  code.  Traditionally,  diet  moons  row  evaluaicd  data  stored  as 
Evaluated  Nuclear  Data  Files  lENDF)  must  be  processed  into  A Compact  ENDF  (ACE) 
table  suitoble  for  Monte  Carlo  sampling  of  inleroclion  probabilities.  This  processing  is 
typically  necessary  to  transform  data  structures  into  more  easily  sampled  forms. 

Once  the  data  are  available  in  an  appropriate  ACE  formaL  they  must  be  loaded 
into  the  code  at  runtime  and  used  by  the  collision  rouiines.  This  involves  defining  a user 
interlace  to  specify  which  data  tables  are  to  be  used,  extending  the  i/o  rounnes  to  store 
the  new  data  and  imegraiing  new  algorithms  to  sample  pboiODUcIcar  collisions. 


Provisions  imui  be  made  vrilhin  these  steps  to  ensure  that  existing  capabilities, 


about  the  sampling  of  pholonucloar  inicractiotis. 

The  sections  of  this  chapter  provide  the  detailed  step-by-step  account  of  the  steps 
taken  by  this  work.  Key  concepts  and  algorithms  are  esplained  along  with  the  intricate 
details,  e.g.  the  name  of  the  inlemal  MCNP  variable  containing  the  table  index.  The  level 


facilitate  the  mainlenance  and  extension  of  this  code.  It  is  necessary  to  document  these 
details  here  because  the  MCNP  coding  style  (that  was  followed  for  this  work)  dicuics 
that  terse  code  with  minimal  comments  should  be  used.  Between  this  philosophy  and  the 
sheer  complexity  of  the  existing  code  base,  it  is  often  difficult  to  follow  what  ought  to  be 
simple  routines. 

Data  Storage 

Photoatamic  Versus  Photonuclear  Data 

Data  storage  was  the  fiist  major  issue  addressed  by  this  work.  The  MCNP 
radiation  nanspon  code  name  derives  originally  from  the  fact  that  it  was  capable  of 
neutron  and  photon  transport.  It  later  became  iV-Panide  when  electron  transpon  was 
added.  MCNPX  extends  further  the  latter  meaning  behind  the  name.  However,  tmly 
photoatomic  inieractioiis  have  been  treated  m past;  photoelectric  absorption,  clastic 
scaOeiing.  inelastic  senltering  and  pair  production.  (Note  that  the  cross  section  for  triplet 
produchoD  is  included  in  pair  production  and  treated  identically.)  The  MCNPjX)  ACE 
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Photoiiuclear  inleractions.  indeed  all  nuclear  inicraclions.  are  dependant  on  the  specific 
la^el  nucleus.  This  creates  the  first  problciti.  Similar  to  neutron  data,  photonuclea:  data 
should  be  tabulated  and  used  by  isotope,  not  by  dement. 

As  the  separate  storage  and  use  of  photootomic  and  phoionuclcar  data  is 
considered  counterinniilivc  by  some,  several  additional  arguments  are  mode  to  enforce 
why  this  should  be.  Photoatomic  and  photonuclear  data  evalualiona  are  not  typically 
front  the  same  source.  Most  experimentalists,  tlworcticians  aad  evaluators  concentrate  oa 
providing  data  for  one  or  the  other,  not  both.  Compilations  of  the  data  are  generally 
separate.  Photootomic  data  are  usually  updated  as  a complete,  consistent  library  for  all 
elements.  Photonuclear  dala  are  exprcted  to  follow  Ihe  path  of  neutron  data  where 
updates  occur  for  individual  isotopes  as  they  become  available.  If  they  were  stored  by 
element,  it  would  be  necessary  to  creole  a new  ACE  data  set  every  lime  cither  was 
updated. 

For  these  reasons  and  more,  photonuclear  data  Is  stored  and  accessed  separately 
from  photoatomic  dala.  This  philosophy  removes  the  necessity  of  dcietmining  how  to 
mix  elemental  and  isotope  data  In  the  same  storage  table  and  genenilly  provides  for  easier 
maintenance  and  access  of  Ihe  diHcrcnt  ACE  data  sets.  However,  it  also  necessitates  the 
erearion  of  a new  class  of  ACE  uble  to  contain  the  photonuclear  data  for  use  in 
MCNP(X). 

Standard  ACE  Tables 

The  tabular  dau  tables  used  by  MCNP(X)  arc  known  by  the  acronym  ACE  This 
acronym  stands  for  A Compact  £NDF.  The  Evaluated  Nuclear  Data  File  (ENDF)  is  o 
collection  of  formats  for  siormg  data  and  procedures  for  creating  and  sampling  dial  data 
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(45].  Ii  is  the  de  fiiclo  interaaiioreil  sontfard  for  storing  niJciMr  dnto  and  is  maintained 
by  the  National  Nuclear  Dam  Center  (htlp://'vww.nndc.bnl.gov/nndc/)  at  the  BrooUiaven 
National  Laboratoiy.  The  ACE  table  forniat  contains  this  data  in  a forin  more  suitable  for 
random  sampling  by  a transport  code. 

There  are  ciurently  eight  classes  of  ACE  data  tables  in  use  by  MCNP:  continuous- 
energy  neutron  ‘c\  discrete-reaction  neutron 'd',  neutron  dosimetry  ‘y‘,  S(cx,tf)  thermal 
‘f,  continuous-energy  photon  ‘p',  continuous-energy  electron  ‘e*.  multigroup  neutron 
'm'  and  multigroup  photon  'g'  tables.  MCNPX  extends  this  to  nine  classes  with 
continuous-energy  proton  'h'  tables.  Photonuclear  tables  will  now  add  a new  class  of 
data  to  MCNP(X).  As  this  new  data  describes  characteristic  nuclear  interactions,  the 
photonuclear  table  format  draws  heavily  on  the  continuous-energy  neutron  and  proton 
table  formats.  Therefore  it  is  useful  to  examine  how  the  coniinuous-cncrgy  format  has 
evolved  for  stonng  nuclear  interaction  data. 

ACE  ubles  use  a syslcm  of  parameieis  and  locaiore  to  access  data  stored  In  a one- 
dimensional  array.  Table3-I  showslhesiandardslructurcforan  ACE  lable.  As 
origmally  exmeeived,  the  NXS  array  stores  all  pararaeiera,  the  JXS  array  stores  all 
locators  and  the  XSS  array  contains  the  actual  data.  In  a library  file,  each  set  of  tabular 
data  has  its  own  header  with  NXS  and  JXS  entries  and  its  own  XSS  array.  In  the 
MCNP(X)  executable  code,  a single  XSS  array  contains  all  nbular  data  necessary  for  the 
simulation  and  NXSiJXS  arc  two-dimensional  arrays  (by  array  entry  and  table  index). 

For  describing  a single  incident  and  emitted  particle  type,  a fixed  NXSfJXS  array 
size  is  a reasonable  solution.  The  original  neutron  dau  lables  used  only  five  parameters 
and  twelve  locators  to  do  this.  Photon  production  dam  were  added  later  by  duplicating 
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Tabic  3>1.  Sundord  ACE  table  description. 


(Fortran  Standard) 


IRN*6-mN*2  INXSIII:1»1..I61 


IRN*»-1RN*1I  (JXS(ll:l-l..32) 


key  eiements  (parameters  and  localors  for  secondary  emission  data)  to  reference  pboton 
producrion  data.  This  required  three  new  parameters  and  eight  new  locators.  Two 
additional  locators  for  neutron  data  were  also  added  to  form  the  table  which  exists  for  use 
by  MCNP4B  [3,  Appendix  F].  More  recently,  delayed  neutron  data  added  yet  another 
parameter  and  four  new  locators  [46]. 

MCNPX  expands  the  capabilities  ofMCNP  to  include  tracking  light*ions  os  well 
as  other  particles  of  interest  to  high-energy  panicle  accelerators  [42].  Whereas  MCNP 
only  expects  to  transport  secondary  photons  and  neutrons,  MCNPX  transports  all  light 
panicles.  To  do  this,  the  data  libraries  needed  to  be  expanded  to  include  emission 
infonnaiion  for  an  arbitrary  number  of  new  sccocdary  panicles.  Currently,  these  new 
neutron  tables  luclude,  os  appropriate,  secondary  emission  data  for  proton,  dcutcron. 
triton,  helium-3  and  alpha  particles  in  addirion  to  neutron  and  photon  data.  This  placed  a 
burden  on  the  neutron  continuous-energy  tables  that  could  not  be  solved  by  using  the 
traditional  NXS/iXS  tfamework.  It  was  solved  by  escaping  the  box  and  introducing  the 
IXS  array. 
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JXS  lhal  are  fixed  io  length,  the  IXS  array  is  stored  within  the  XSS  array  and  can  be 
expanded  to  contain  entries  for  as  many  sets  of  secondaiy-parriclc  information  as  needed. 
In  the  expanded  neutron  table,  the  JXS  array  is  used  to  locate  the  neutron  and  photon 
production  data  and  the  IXS  array  for  all  other  secondary  particles.  Proton  tables  were 
adapted  in  this  foroiat  as  well.  The  photonuclnnr  data  ubie  takes  the  next  logical  step  and 
references  all  secondary-emission  information  ihroujdi  the  IXS  array. 

Photonuclear  Class  ‘u*  ACE  Table 

Phoionuclcar  interactions  describe  photon-induced  nuclear  processes.  The 
evaluated  files  used  to  store  photonuclear  data  make  use  of  the  same  ENDF  formats  and 
procedures  as  neutron  and  proton  data.  This  implies  that  the  same  concepts  used  in  ACE 
tobies  to  store  other  nuclear  data  should  be  used  for  the  photonuclear  tabic  such  that  the 
existing  storage  and  sampling  aignnthms  can  be  used  for  all  t>^s  of  nuclear  inleracmorL 
However,  the  established  ncutron/proton  table  has  become  extremely  convoluted. 
Therefore,  photonuclear  tables  have  logically  reorganised  the  dala  to  significantly 
simplify  access. 

The  phoionuclcar  format  has  been  modified  from  the  existing  neutron/proion 
format  to  treat  all  secondary-particle  production  in  a self-consistent  manner.  However, 
this  table  still  draws  heavily  on  the  sub-foimals  established  for  neutron  and  proton  data. 
The  remainder  of  this  section  focuses  on  presenting  the  key  concepts  for  the  photonuclear 
class  ’u’  ACE  table  format.  This  description  is  supplemented  by  Appendix  A that 
includes  Ihe  full  details  of  all  appropnalc  data  structures,  how  they  are  stored,  what  cror 
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checking  can  be  pcrfonned  and  recommendaiiuns  on  use  of  specific  sub-formals  for 
phoioDuclear  daia. 

The  NXS  array  now  coniains  only  those  paranieicrs  ihal  apply  lo  die  labie  ns  a 
whole.  The  NXS  parameleis  are  prcsenied  in  Table  3-2.  The  fust  entry  is  the  length  of 
the  XSS  array.  This  entry  is  mandatory  for  all  ACE  ubics  such  that  they  may  be 
manipulated  in  a generic  fashion.  The  second  entry  contains  a target  identifier  and  is 
standard  for  those  ACE  tables  where  it  Is  applicable.  The  m»l  three  entries  contain  the 
only  three  global  parameters  needed  for  trnnspon:  the  number  of  energies  in  the  main 


secondary  panicles  for  which  emission  data  are  included. 

Secondary  particle  information  consists  of  paramciets  and  locators.  The 
parameter  NEIXS  (in  conjunction  with  NTYPE)  can  now  be  used  to  determine  the 
memory  requirement  to  store  the  IXS  array  elements.  The  IXS  array  has  twelve  entries  in 
this  format  version.  The  parameter  NPIXS  is  the  number  of  secondary-emission 


Fixed  numeric  descriptive 


Number  of  secondary  panicle  types  with  emissioe  infonuaiion 


parameters  at  the  start  of  each  ]XS  array.  There  are  two  parameters  io  this  formal 


version.  All  other  DCS  array  entries  are  assumed  to  be  iitcators  and  are  subject  to  updates 
Bsdaio  are  moved  within  memory  in  the  MCN?(X)  executable  at  runtime. 

The  table  format  version  parameter  (TVN)  is  the  first  attempt  at  documenting 
each  table-type  format  a.s  it  is  produced.  This  martes  pbotonuclear  format  number  one.  If 
it  is  changed  later,  e-g.  expanded  to  hold  a new  sub-formal,  the  labie-format-veraion 
would  be  updated  at  that  time  to  indicate  what  information  may  be  within  the  table.  This 
also  introduces  a mechanism  whereby  backwards  compatibility  can  be  maintained 
without  rigidly  enforcing  the  exact  tabic  structurea. 

Similar  to  the  NXS  array,  the  JXS  array  has  also  beco  reduced  to  contain  only 
those  locators  that  are  general  to  the  table.  The  JXS  array  entries  am  presented  in  Table 
3‘3.  The  hrsi  five  entries  for  this  lable  are  locators  for  reaction  dais  that  traditionally  has 
been  accessed  through  the  overloaded  ESZ  entry.  As  the  overall  number  of  JXS  cotrics 


has  been  reducci  ii  is  fell  ihoi  overloading  the  ESZ  locaioc  was  unnecessary.  Therefore, 
each  set  of  reaction  data  is  accessed  Ihrough  ils  own  locator. 

By  tradition  the  lira  locator,  ESZ,  is  the  index  in  the  XSS  array  for  the  main 
energy  grid.  The  four  other  reaction  data  sets  that  have  traditionally  been  accessed 
through  this  entry  now  have  individual  locators.  The  uiial  cross-section  is  now  located 
by  second  entry,  TOT.  The  erer©i  and  total  eross-section  data  are  the  fundamental 
vnlues  necessary  for  computing  the  distance-to-collision  dunng  photon  transport. 

The  elastic  cross  section  is  now  located  by  the  fouith  entiy.  ELS.  The  elastic 
cross  section  for  photons  intending  with  the  nucleus  is  negligible  in  comparison  to  other 
photonuclear  reactions.  The  evalualed  dnia  files  arc  noi  required  to  include  iu  Therefore, 
since  this  locator  has  isolated  the  elastic  cross-section  entries,  if  the  elastic  cross  section 
is  not  included  in  the  original  evaluation.  Its  locator  Is  set  to  zero,  no  entries  are  made  In 
the  XSS  block  and  the  elastic  scattering  of  photons  on  the  nucleus  is  ignored  during  the 
transport  process. 

The  absorption  cross  section  hns  typically  been  included  for  the  purpose  of 
biasing.  For  shielding  problems,  il  is  sometimes  useful  to  simulate  capture  implicitly.  In 
this  type  of  simulalion,  only  non-absorption  reactions  are  considered  at  the  collision  site 
and  ihc  particle  weight  Is  updated  accordingly.  This  biasing  technique  ensures  ihoi  a 
neutron  or  photon  always  leaves  the  collision  site.  This  is  the  default  irealmeni  for  both 
neutron  and  ptaoioatomic  interactions. 

Photonuclear  absoiptioo  almost  always  produces  a secondaiy  gamma  ray.  Only 
photonuclear  processes  iovolving  a transition  directly  to  the  ground  state  of  the  nucleus 
do  not.  Additionally,  the  secondary  particle  of  interest  from  the  photonuclear  interaction 


28 

U rafely,  if  evcr.a  pholon.  Tlierefore,  the  implicit  capture  biasing  technique  is  not  useful 
and  the  absorption  cross  section  has  been  replaced  by  the  non-elastic  cross  section. 

Tbc  non-elastic  cross  section  is  located  by  the  third  entry,  NON.  This  change  has 
the  benefit  that  when  the  clastic  cross  section  is  not  present,  the  non-elastic  cross  section 
is  identically  the  total  cross  section.  Therefore,  the  locators  can  be  set  to  lades  the  same 
data,  thereby  reducing  storage  needs. 

The  total  healing  numbers  are  located  by  the  fifth  entry.  THN.  Energy  deposition 
is  often  ofinietesi  nod  Ihe  F6  tally  in  MCNPfX)  uses  the  heating  munbers  for  this 

purpose.  The  total  heating  number  is  an  estimate  of  Ihe  average  amount  of  energy  the 

incident  particle  deposits  locally  at  the  collision  site.  There  are  numerous  assumptions 
involved  in  calculating  this  value  (sen  Appendix  A for  a more  complete  description).  As 
it  is  difficult  to  compute  and  not  used  by  this  work,  ihis  locator  ia  given  a zero  value  to 
indicate  that  no  daia  are  currently  available.  When  the  ability  to  produce  class  ‘u’  ACE 
tables  migrates  into  the  NJOY  nucienr  data  processing  code,  it  will  be  possible  to 
compute  the  beating  numbers. 

The  next  four  locators  provide  informarton  about  Ihe  reaction  cross  sections.  The 
MTR  localor  is  the  index  to  Ihe  reactior-type  listing.  These  ore  the  MT  reaction-type 
numbers  as  defined  in  the  ENDF  format  manual  [45|.  The  LQR  localor  is  the  index  to  an 
array  of  Q-values  corresponding  to  each  reaction.  The  LSfG  and  SIO  locators  index  the 
location  of  the  cross-section  arrays. 

The  IXSA  locator  is  an  index  lo  the  IXS  array.  As  described  above,  the  IXS  array 
contains  the  paramcicrs  and  locators  for  all  secondary-emission  informalion.  The 
meanings  oflhe  LXS  array  entries  ore  described  below.  The  IXS  Irxntoris  a 
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convenience.  The  data  wilbic  an  ACE  table  can  be  listed  in  any  order  desired,  so  long  as 
the  locators  arc  appropriately  updated.  However,  for  the  sake  of  sanity,  the  data  should 
be  listed  in  the  order  corresponding  to  their  appearance  in  the  table  description.  If  this  is 
done,  the  IXS  locator  is  the  first  woid  of  the  IXS  block  of  sccondary'particle  information 
located  within  tbe  XSS  array. 

The  IXS  array  should  be  thought  of  as  a two-dimensional  array  containing  a set  of 


There  arc  NTYPECl ...  J... 


NTYPE)  secondary  particle  emission  descriptions  in  the  IXS  block.  The  IXS  array 
entries  are  listed  forthc  Jtb  secondary  particle  in  Table  3-4.  Two  parameters  are 

parameter  IPT  os  described  in  Table  3-5.  The  number  of  reactions  that  produce  this 
secondary  particle  Is  given  by  paramelci  NTRP. 


Table  3-S.  Assecialion  of  panicles  with  Iheir  symbol  and  IPT  Indea  number  as  defined  in 
MCNP(X). 


There  are  tea  localons  that  have  been  determined  to  be  necessary  for  locating 
secondary-emission  data.  The  liscators  and  pammeters  arc  kept  separate,  parameters  first, 
within  the  IXS  amiy  such  that  the  locators  can  be  updated  as  described  within  the  Setup 
and  Storage  section  below.  As  mentioned  above,  a fhli  description  of  the  heating  number 
concept  is  found  in  Appendix  A.  Heating  numbers  are  not  used  by  this  work  and  thus  all 
PHN  locators  have  been  set  to  aero  and  no  further  values  are  given. 

The  locators  PXS.  MTRP,  LSIGP,  SIGP  and  the  parameter  NTRP  are  used  to 

secondary  particle  is  located  by  the  entry  PXS.  The  reactions  whioh  contribute  to  the 
production  of  this  particle  are  located  by  the  entry  MTRP.  The  yield  data  for  each 
reaction  are  contained  in  the  SIGP  block  os  located  by  the  LSIGP  army  entries.  This  is  a 
change  from  the  neutron  table  format  which  overloaded  the  TYRP  entries  to  contain  yield 
data  as  well  as  the  reaction  coordinate  system.  The  TYRP  array  entries  designate  the 
reaction  coordinate  system.  The  emission  distributions  are  stored  in  the  ANDP  and 
DLWP  blocks  as  located  by  the  ofKeis  In  the  LAND  and  LDLWP  arrays.  The  full  details 
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of  ihe  emission  foraiais  are  comploi.  In  order  lo  avoid  clutiering  ibis  chaplet  more  than 
is  already  lire  case,  they  have  been  included  in  Appendix  A. 

Data  Processing 

As  discussed  in  the  previous  auction,  evaluated  data  are  available  in  the  ENDF 
formal,  it  is  ihetefore  neecssaty  lo  have  a data  processing  code  capable  of  translating  the 
ENDF  formaned  data  into  the  appropnaic  ACE  format.  This  has  traditionally  been  done 
by  the  NJOY  code  (49).  However,  as  this  was  an  iterative  process  to  develop  the  new 
table  fnnnai,  it  was  preferable  to  wrilc  a siand-alonn  processing  code  that  was  easily 
changed  in  order  to  explore  difTcrcni  fortnarring  options. 

TheMKPNT  data  pmccssing  code  was  developed  lo  process  data  stored  in  Ihe 
ENDF  formal  into  the  ACE  class  'u'  pholonuclcar  formal  described  above  and  in 
Appendix  A.  As  this  was  □ developmental  loot  whose  capability  will  be  subsumed  by  the 
NJOY  code,  it  was  not  necessary  to  implement  full  functionality  for  all  possible  ENDF 
formats.  Instead,  MKPNT  is  focused  or  the  data  that  were  currently  available.  This 
section  will  discuss  how  the  data  were  processed  and  what  fbimais  were  used.  The  full 
source  code  for  MKPNT  is  given  in  Appendix  B. 

For  the  purposes  of  this  work  only  dam  ftom  the  LA  1 50  bbraiy  produced  at  the 
Los  Alamos  National  Laboratory  have  been  used  for  simulations.  Some  preliminaiy  data 
have  been  made  available  from  the  other  institutions  involved  in  the  International  Alomic 
Energy  Agency  IIAEA)  Coordioaled  Research  Program  (CRP).  However,  the  IAEA  data 
were  provided  on  the  condition  that  they  were  to  be  used  for  testing  purposes  only. 
Therefore,  some  functionality  has  been  implemented  in  the  MKPNT  processing  code  for 
the  IAEA  dam  which  was  nol  necessary  for  this  work  but  looked  to  long-term  goals. 


MKPNTworics  by  loading  ihcENDFdaia  ioio  memory  and  then  crealingthc 
cotresponding  secnons  in  lire  ACE  format.  The  ENDF  format  contains  information 
needed  for  the  ACE  table  in  six  “files”.  Each  section  of  the  ENDF  format  is  kno»m  as  a 
file  and  given  a file  type  index  MF.  e.g.  file  MF  6.  MKPNT  was  implememed  with  a 
limited  understanding  of  the  these  six  files  as  described  below. 

FilcMF  1 contains  general  information  about  the  data  set.  The  target  Identifier 
2A  is  the  atomie  number  times  1000  plus  the  mass  number.  ZA,  the  atomic  weight  rabo 
(AWR)  and  the  temperature  are  taken  directly  from  the  corresponding  entries.  ZA  ts  also 
used  to  create  the  table  identifier  ZAID  by  adding  an  ID-  The  library  number  plus  the 
table  identifier  'u',  to  indicate  a pholonuclcar  table,  are  collective  the  ubie  ID.  The 
library  number  is  a untepre  two  digit  number  chosen  at  the  processing  time.  All  ACE 
rubles  also  toclude  the  dale  processed. 

Wilh  preliminary  data  read,  the  first  step  in  building  the  table  is  to  form  a unified 
energy  grid.  The  photonudear  dau  processed  to  date  have  contained  relatively  few,  on 
the  order  of  tens  to  hundreds,  energy  grid  points.  The  energy  poinU  are  obtained  as  a 
superset  of  the  energy  grids  from  each  of  the  reaction  cross  sections.  The  units  must  be 
adjusted  fromeV.  in  ENDF,  to  MeV,  in  ACE.  All  reaction  cross  sections  are  Ibund  in 
ENDF  File  MF  3 and  are  given  as  energy/cross-section  pairs.  Reactions  which  involve 
thresholds  are  checked  to  ensure  that  the  cross-section  values  start  at  aero,  if  necessary 
adding  the  new  pomt.  Because  them  are  so  few  points  in  these  files,  as  compared  to 
cenain  neutron  data  sets  that  can  contain  tens  of  thousands  of  energy  points,  thinning  of 
the  energy  grid  is  not  required. 
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There  can  he  addilional  energy  points  coniained  within  yield  tables.  Yieltis  are 
found  in  File  MF  6 of  the  ENDF  formal.  These  energy  points  are  added  In  the  main 
energy  grid  if  present.  The  addition  of  these  points  allows  the  verification  process  to 
eiiactly  match  emission  spectra.  With  this  done,  the  total  number  of  energy  points,  global 
NXS  parameter  NES.  is  now  fned  as  well  as  the  data  entries  for  array  ESZ. 

The  localors  ELS  and  THN  are  currently  set  to  zero.  None  of  the  evaluated  dau 
provided  to  date  have  included  the  elastic  cross  section.  As  discussed  in  the  previous 
section.  THN  is  a complicated  value  which  was  not  needed  for  this  study-  AIgorilhm.s 
exist  in  NJOY  to  compute  the  total  and  partial  heating  numbers  and  it  was  felt 
unnecessary  to  duplicate  that  capability  within  MKPNT. 

The  cross-section  dala  ate  obtained  next.  Each  reaction  cross-section  is  taken 
from  its  file  MF  3 entries  and  stored  in  the  SIG  block  as  located  by  the  LSIG  offsets.  The 
corresponding  MT  number  and  0-value  are  stored  in  the  MTR  and  LQR  arrays, 
respectively.  The  numberofreactions  isstored  in  the  parameter  NTR.  The  total  cross 
section  is  computed  from  the  appropriate  partials  and  checked  against  the  values  ftom  the 
ENDFMT  I total  cross  section.  The  verified  computed  totals  are  then  stored  in  the  TOT 
army.  As  no  clastic  cross  sections  are  preseni,  the  NON  locator  is  set  equal  to  the  samc 
vulue  as  TOT. 

Secondary-particle  emission  data  can  he  specified  by  either  of  two  methods  in  the 
original  ENDF  evaluation.  The  firsi  method  described  here  is  ool  recommended  but  siill 
allowed.  For  reactions  which  produce  neutrons,  files  MF  4 atsd  MF  5 give  the  angular 
distributians  and  energy  distributions,  respeclively.  as  a function  of  incident  panicle 
energy.  MF  S energy  distributions  are  uscfiil  for  representing  certain  pholonucicar 


imeractions,  c.g.  fission  reactions.  Currently,  MK?NT  can  process  MF  5 laws  5, 7, 9 and 
II.  ThecoiicspondingMF4angulardismbutioiimustljeisooopic.  The  neutron  yields 
for  fission  are  taken  from  file  MF  2.  All  other  yield  data  for  reactions  specified  by  this 
method  are  implicitly  given  by  the  reaction  type,  e.g.  reaction  MT  16  implies  two 
emission  neutrons.  The  data  from  these  three  files  are  me^trd  appropriately  into  the 
neutron  secondary-particle  information.  To  dole  only  IAEA  data  have  u-sed  this  formai- 
ll  Is  highly  recommended  that  all  photonuclear  reactions  be  described  by  the  following 
method  as  all  secondary  particles,  not  just  neutrons,  can  be  included. 

Secondary-panicle  emission  spectra  may  also  be  desenbed  in  the  ENDF  file  MF  6 
format.  ENDF  file  MF  6 conuins  one  section  describing  each  reaction  with  appropriarc 
subsections  for  eveiy  product  from  that  reaction.  MKPNT  loops  over  each  file  MF  6 
section  and  eatracls  the  appropriate  secondary-particle  emission  data  into  the  ACE  table. 
Currently  MK.PNT  extracts  emission  data  for  secondary  neutrons,  photons,  protons, 
deuierons.  nitons,  heliura-3  ions,  and  alphas.  This  set  of  panicles  represents  vra.s  chosen 
as  an  alpha  panicle  is  the  heaviest  ion  that  can  be  iransponed  by  MCNPX.  Obviously, 
MCNP  is  limited  to  the  nanspon  of  secondary  neutrons  and  photons.  This  processing 
method  uses  the  standard  assumption  that  all  other  rescllon  products  are  stopped  at  the 
collision  site  without  producing  any  further  secondary  panicles  of  interest. 

MKPNT  currently  processes  LAW  I correlated  energy-angle  disnibulions  from 
file  MF  6.  The  yield  for  each  particle  is  token  directly  from  the  energyfyicld  pairs  given 
and  the  daia  are  stored  in  the  5ICP  block  as  located  by  the  corresponding  LSI  OP  offset. 
Likewise,  the  MT  number  for  the  production  reaction  and  the  coordinate  system  for  the 
emission  particle  are  stored  in  the  MTRP  and  TYRP  arrays,  respectively. 


35 

The  LANG  1 angular  opiion  presents  a tabular-energy  distribution  with  Legendre 
coemcients  describing  angular  dependence.  MKPNT  only  processes  isotropic 
distnbutions  arid  they  are  stored  as  tabulated-energy  distributions.  ACE  Energy  Law  4.  in 
DLWP  with  the  camrsponding  ofTset  in  LDLWP.  The  isotropic  angular  distnbution  Is 
indicated  by  a zero  value  in  the  LANDP  array  and  no  entries  in  the  ANDP  block. 

The  LANG  2 angular  option  specihes  a tabular-energy  distriburion  witb 
KalbachdS  angular  syslemalics.  This  emission  distribution  is  stored  with  the  appropnate 
LDLWP  offset  in  the  DLWP  block  as  ACE  Energy  Law  44.  Tba  corresponding  LANDP 
entry  is  given  the  value  negative  one  to  indicate  the  presence  of  the  correlated 
energy/angle  disiribudon  and  no  eotries  arc  made  in  the  ANDP  block.  The  Kalbach  slope 
porameicr,  designated  'a',  Is  computed  accoiding  to  Chadwick's  coirccHon  [1 1 ] of 
Kalbach’s  original  formalism  [SO^I]  to  account  for  the  reduced  momentum  of  the 
photem. 

The  LAI  SO  phoionucleur  evaluations  all  use  the  ENDF  formal  MF  6 LAW  I 
LANG  2.  As  the  LAISO  evaluated  data  are  used  exclusively  in  this  study,  processing  of 
iheLAWl  LANG  2 format  has  been  exhausHvely  tested.  This  is  a tedious  procedure 
done  either  by  hand  or  by  script  lo  ensure  that  the  ACE  data  match  the  original  ENDF 
data.  The  other  oplioos  discussed  were  implemented  to  process  data  provided  by  the 
IAEA  CRP  and  their  processing  has  not  been  checked  with  the  same  rigor.  All  ENDF 
emission  distribution  fbimau  not  specifically  mentioned  are  not  supported. 

At  this  stage  the  ACE  table  is  almost  complete.  The  phoioiiuclear  cross  sections 
and  the  osaocialed  yields  for  each  sccondaiy  particle  are  used  lo  compute  the  total 
particle-production  cross  section  that  is  stored  in  the  PXS  airay.  The  number  of  reactions 
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producing  the  particle  is  stored  as  the  parameter  NTRP.  Tlie  particle  heaiing-munber 
locator,  PHN,  is  given  a value  of  zero  to  indicate  no  heating  numbers  are  included.  The 
final  processing  verifies  the  values  for  the  locoton,  stores  the  total  number  of  XSS  entries 
as  the  NXS  parameter  LXS  and  prints  the  final  table  to  an  ASCII  file. 

With  the  appropnate  additions  to  the  MCNPfX)  cross-section  directory  file 
XSDIR,  the  data  are  now  toady  for  use  in  a simulation.  At  the  time  the  simulations  in 
this  study  were  performed,  the  LA  130  library  contained  evaluated  photonuelear  data  for 
tbe  following  isou^s:  "Al,  *Ca.  *‘Fe,“Cu,  '*'Tb,  '“W.  ““Pb,  *"Pb  and  ™Pb.  The 
evaluated  data  were  processed  into  the  ACE  photonuelear  format  usmg  the  MKPNT  code 
as  described  here.  The  collection  was  given  the  ID  03u  as  earlier  testing  had  been  done 
uaing  library  numbers  01  and  02, 

Coupling  Photonuelear  Physics  Into  MCNP(X> 

Introduction 

The  work  presented  here  describes  a prototype  code  based  on  MCNP4B2  [3]. 
MCNP  was  chosen  as  the  base  coda  for  the  reasons  described  earlier.  This  section 
describes  the  modifications  that  were  made  to  MCNP4B2  to  produce  the  photonuclear- 
capabie  prototype  code  designated  MCNP4BPN.  Once  verification  was  complete,  these 
changes  were  frozen  and  the  final  version  described  here  was  used  for  all  subsequent 
calculations  presented  in  this  work.  Where  standard  MCNP  capabilities  are  discussed, 
see  the  users  guide  [3]  if  further  explanations  ore  necessary. 

The  MCNP  code  package  is  maintained  by  the  X-5  group  of  the  Los  Alamos 
National  Laboratory.  A project  homepage  is  maintained  and  can  be  accessed  through  the 
X-division  homepage  (http://www-xdiv.Ianl.govf).  The  code  package  is  distributed  by  to 
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persons  end  companies  wiihin  Ihc  U.S.  byidc  Rndiarron  Safety  Information 
Compuialional  Center  (http://wwwtsicc.oml.gov/rsie.hlinl).  Foreign  distribniion  is 
handled  by  the  Niteleor  Energy  Agency  (NEA)  in  Paris,  France.  Changes  to  this  code  are 
to  be  made  via  patch  tiles  as  doenmented  in  the  users  guide  (3,  p.  C-4].  Appendix  C of 
this  dissertation  contains  the  patch  file  corresponding  to  the  changes  described  here. 

Before  launching  into  Uiegoiy  details  of  the  changes,  a few  moments  will  be 
spent  providing  an  overview.  There  were  four  major  tasks  necessary  to  implement 
pholonucicar  interactions  into  MCNP:  (I)  the  user  inierftce  needed  to  be  modified  to 
allow  specification  of phoionuclear tables  fora  given  material;  (2)  the  nuclear  data 
sampling  toulines  needed  modification  to  appropriately  handle  panicles  olher  than 
oeulrons;  (3)  the  photon  collision  routinns  needed  to  be  updated  to  include  sampling 
phoionuclear  events;  and  (4)  the  file  i/o  routines  needed  to  be  updated  to  include  reading 
phoionuclear  tables  and  printing  summary  information  about  phoionuclear  inieraciions. 

Thespecificalion  of  materials  Is  done  in  a very  slandaid  manner  within  MCNP. 
Several  needs  drove  the  final  interface  for  phoionuclear.  First,  the  standard  interface 
must  be  kept.  However,  it  wns  designed  with  the  concept  of  one  tabic  type  for  each 
particle  type.  Further,  it  assumes  there  is  always  a table  available  for  each  component  of 
the  material. 

The  solution  to  die  specification  of  photonuelenr  tables  was  to  keep  the  standard 
interface  as  is  and  ougmeal  it  to  work  similarly  for  specification  of  the  new  tables.  That 
is,  the  components  of  the  material  are  defined  by  the  material  card.  Component  ZAID 
entries  can  be  specified  directly  b the  enlry  or  indirectly  through  the  ZA  with  a default  or 


38 

user  specified  libraiy  ID.  Neumm,  cleclron.  pholoatoRiic  and  phoionuclear  table  ZAlDs 
or  library  IDs  aie  all  acccpioblc. 

However,  tbe  interface  has  also  been  ougmenled  to  include  an  isotope  override  for 
phoionuclear  tables.  Specifically,  because  more  complete  isotopic  data  will  likely  be 
available  for  neutron  transport,  the  best  description  of  the  material  should  he  given  on  the 
material  card  by  neutron  table.  The  new  override  card  allows  the  isotope  to  be  changed 
for  any  or  all  of  the  material  components.  This  promotes  the  use  of  the  best  neutron  and 
phoionuclear  uibular  data  for  a material.  It  should  be  considered  at  some  point  in  the 
future  to  allow  material  specification  by  incident  panicle  in  MCNP(X). 

Tbe  nuclear  data  sampling  routines  were  originally  wrinen  for  incident  neutron, 
neutron  emission  Inieracllons.  They  were  later  updated  to  include  photon  emission. 
Recent  interest,  including  the  current  work,  needed  to  expand  the  tables  to  handle 
incident  photons,  protons  or  neutrons  and  the  subsequent  emission  of  any  particle  type. 
The  set  of  updates  this  neeessilated  is  described  only  briefly  below.  It  Is  now  commonly 
known  as  the  ACE  modifications  and  has  been  implemented  [52,53]  in  the  current 
versions  of  both  MCNPX  and  MCNP  [54]. 

The  revision  of  the  photon  collision  routines  to  include  phoionuclear  interactions 
is  the  key  objective  of  this  work.  These  routines  have  been  updaled  to  include  use  of  the 
photonuclear  cross  section,  in  addtiion  to  the  phoioalomic.  for  the  sampling  ofdisiance- 
to-nexl-col!ision.  At  s phcion  collision  site,  either  natural  or  biased  collisions  can  occur. 
Biased  photonuclear  collisions  indicate  that  a conlribution  from  photonuclear  interaction 
to  secundary-particic  produciicn  is  to  be  obtained  at  every  photon  collision.  In  either 
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esse,  secondary  panicles  are  sampled  Tiom  Ihc  evaluated  tabular  dam  and  made  available 
for  funher  tnmspon. 

There  arc  no  unexpected  changes  in  the  tile  inpui/output.  A past  MCNP  user  will 
be  able  to  fully  utilize  this  new  capobility  based  on  their  previous  experiences  using  the 

code.  As  mentioned  before,  the  standard  malerial  inlerface  will  work  unchanged.  All 

tables  are  loaded  from  alandardized  ACE  libraries  specified  throu^onc  XSDIR 
directory  file.  The  few  new  interface  options  available  are  simple  to  use  when  necessoty 
and  arc  not  required.  All  tallies  and  summoiy  information  include  the  effects  of 
pboionuclear  interoctions  os  presented  in  standard  MCNP  output  tables.  Thus,  the 
average  user  can  begb  using  this  capability  immediately  and  become  an  expert  user 
hirailiar  with  all  the  iotricacies  over  time. 

Setup  and  Storage 

Material  specification.  The  fim  ia.sk  necessary  to  use  ihe  pholonuclear  dota 
within  MCNP  was  to  implement  user  options  to  specify  which  data  to  load  and  to  store 
that  data  appropriately.  It  was  deteimined  that  the  material  specifications  to  load 
pholonuclear  data  should  be  as  similar  to  what  was  currently  done  as  possible.  However, 
some  extensions  have  also  been  made. 

At  presenl  each  maienal  has  one  list  of  isotopes  and  atomic  fractions  associated 
with  it  For  example,  the  maienal  description  for  an  electron  largei  might  be  given  by  Ihe 
MCNP  input  card  "ml  TIOOO  l"orby‘'ml  T1180  0.00012  71181 

0.99988’'.  both  of  which  indicate  that  maienal  one  is  natural  tantalum.  The  first 
s-pecifie.s  elemental  tantalum  directly  and  Ihe  second  specifies  ihe  constituent  isotopes  by 
their  atomic  fractions.  Since  phoioaiomic  daia  is  stored  by  element,  cither  caid  could  be 


used  10  specify  which  fables,  or  in  this  example  loblc,  should  be  used.  However,  neutron 
data  is  stored  by  isotope,  with  a few  exceprioiis,  sucb  that  the  second  description  is  the 
more  accurately  represents  the  material.  Photonucicar  tables  are  also  stored  by  isotope 
and  therefore  more  accurately  described  by  isotopic  tables. 

Unfortunately,  very  few  photonucicar  evaluations  were  available  for  this  study. 
Even  after  the  IAEA  library  is  made  available,  not  all  isotopes  will  have  an  evaluated 
data  file.  Some  prevision  is  necessary  to  allow  the  user  to  specify  the  best  photonucicar 
data  available  without  compromising  the  fidelity  of  the  representation  by  other  tobies,  in 
particular  neutron  tables.  Therefore,  a photonucicar  isotope  override  card  has  been 

implemented. 

To  illustrate  this  problem,  consider  a material  input  card  describing  natural 
tungsten.  The  best  description  for  neutron  tnmspon  is  given  by  the  maierial  card  'Tnl 
H182  0.263  74183  0,143  74184  0.3067  74186  0 .286."  Notice 

that  this  description  is  incomplete;  isotopic  '"W  with  a natural  atomic  fraction  of  0.0013 
is  not  included  in  the  description  because  a neutron  table  is  not  available.  MCNP  will 
compensate  for  this  by  re-normslizing  the  sum  of  the  other  atom  fractions  to  one. 
However,  photonucleardata  are  currently  available  only  for '“W.  Fallowing  the  logic  of 
drop  what  is  unavaiioble  and  re-noimalize,  the  significant  eontributions  by  other  isotopes 
for  neutron  transport  would  be  missed  simply  because  of  the  lack  of  photonucicar  tables 
for  the  remaining  isotopes.  The  desire  for  the  best  representation  for  both  neutron  and 
photonuclear  interactions  in  the  material  requires  a new  capability  in  material  inpui 
specification. 
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Photonuclear  Isulope  override  card  (MPN).  The  pholonucleor  isoiope  override 
card,  desiBnaied  MPN.  has  been  implemented  to  allow  substittition  of  pbolonudcar  dala. 
Specifically,  for  ihe  example  above  the  pholonucleor  isotope  override  card  "mpnl 
741S4  74184  74184  74184'’used  in  conjuoelion  with  the  maierial  spccificalion 
card  from  the  previous  paragraph  would  provide  the  best  dala  for  all  panicles  transponed 
Ihrou^  the  material.  MCNP4BPN  would  use  photoatomic  dala  for  elemental  tungsten, 
the  four  available  neulron  tables  for  the  major  ningslen  isotopes  and  the  '“W  data  table 
for  all  pholonucleor  collisions. 

There  ate  several  resiriclions  on  the  use  of  the  photonuclear  isotope  override  card. 
It  must  be  used  in  conjunciioo  with  a material  specification  card,  i.e.  M 1 with  MPN  I 
describes  material  one.  The  override  card  must  come  after  the  corresponding  maierial 
speciflcanoii  card  io  the  standard  MCNP  input  deck.  There  must  be  one  entry  on  the 
MPN  card  corresponding  to  each  ZAID  entry  on  the  M card.  Entries  on  the  MPN  card 
must  correspond  to  a ZA  for  which  a photonuclear  table  exists  or  be  aero  to  indicate  no 
photonuclear  inleraclions  should  bo  considered  for  that  potrion  of  Ihe  isotope. 

The  pholonucleor  isoiope  card  has  been  implemcoled  as  a new  input  card.  The 
number  of  cards  for  use  in  the  code  was  increased  by  one  by  incrementing  the  nked 
parameter  in  the  deck  jc.  The  new  card,  cnmfdPj.  was  initialized  in  the  deck  ibidal  with 
the  option  to  allow  only  integer  entries.  (The  use  of  boldface  type  in  this  chapter 
iodicaies  names  of  subroutines  in  the  MCNP  source  code.  Likewtse.  Italic  type  signifies 
the  names  of  variables  within  those  subroulines.) 

This  capability  requires  an  array  to  store  a different  ZA  for  photonuclear 
inieraclioQS  than  the  default  for  the  material.  The  M card  stores  ZA/atom-ffoclion  paiis 


in  Ihe  arrays  im  aml/m«.  respectively.  Tbe  new  izn  array  mirors  Uic  izo  array  as  a 
storage  location  in  the  dynamicaily-allocaietl  common-block  doc.  They  are  both  set  to 
length  mix.  the  number  of  isotope/frnction  pairs  for  the  specific  problem,  at  runtime. 

No  processing  was  necessary  for  the  MPN  card  during  the  first  reading  of  the 

inputdeck.  Therefore  the  routines  newcdl,  nilill  and  oldcdl  ignore  this  card.  Several 

processing  options  are  necessary  during  the  final  reading  of  the  input  dock-  When  the 
MPN  card  is  first  encountered,  the  routine  newerd  cheeks  to  ensure  that  photonuclear 
physics  is  turned  on  in  the  simulation.  Ifpholoiiuclear  physics  is  on.  it  then  checks  to 
ensure  that  a ntalenal  card  has  already  been  seen  describing  the  marenal.  If  either  of 
these  conditions  is  not  met,  the  MPN  card  is  ignored  and  a warning  messoge  is  printed. 

Each  entry  for  the  card  is  checked  and  stored  individually.  From  the  card 
inibalizallon  set  in  deck  ibldet  the  entries  are  aulomaiically  checked  to  ensure  that  they 
are  integer  numbers.  Tbe  routine  chekJt  refines  this  criteria  to  ensure  that  a valid  ZK  in 
the  range  ODOOOl  to  9999M.  or  aero  has  been  entered  A fatal  error  is  issued  for  invalid 
ZA  entries.  The  routine  nestil  then  stores  each  entry  in  array  tin  to  correspond  to  the 
appropriate  M card  entry.  Finally,  the  routine  oldcrd  checks  lo  ensure  dial  the  number  of 
entries  on  the  MPN  caid  coiresponds  to  the  number  of  cotries  on  ibe  M caid.  If  they  do 
not  match,  all  isoiopic  values  are  reset  to  the  material  dcfeult  and  a warning  message  is 
primed  staling  the  card  was  ignored.  If  the  isotope  override  bas  been  successful,  a 
warning  is  printed  for  each  isotope  override.  It  is  the  responsibility  of  the  user  to  ensure 
that  appropnaie  substitutions  have  been  made. 

Table  ID  specification.  MCNP  allows  Ihe  user  to  speciiy  the  data  table  ID  to  be 
used  for  each  nuchde  by  several  methods.  The  fust  method  is  to  describe  materials  by 
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complete  ZAIDs.  For  example,  natural  copper  can  be  described  by  the  material 
speciftcation caid “ml  29063,60c  0.6911  29065.60c  0.3OB3.’  The 

'■.60c’'  is  the  table  idenhfier,  ID,  indicating  the  neutron  class  ‘e’  tables  should  come  ftom 
the  ENDF60  library.  ENDF60  tables  having  the  unique  library  number  60-  Phoioouclear 
tables  can  be  specified  in  an  analogous  manner.  The  table  identifier  ".OOu"  can  be  used 
tospecify  the  library,  with  00  appropriately  replaced,  from  which  to  load  the 
phoionucicar  tables. 

The  second  method  to  specify  a dau  table  for  an  isotope  is  to  use  the  defaults  as 
defined  in  the  XSDIR  directory  file.  The  XSDIR  file  includes  the  lookup  table  used  to 
determine  what  data  tables  are  available  in  each  library.  If  no  table  identifier  fID)  has 
been  specified,  the  first  match  to  ZA  for  each  class  of  table  will  be  used.  For  example.  If 
the  XSDIR  file  contains  entries  for  29063.22c  and  29063,60c  in  that  order  and  the  M card 
asks  for  ZA  29063  without  an  ID  in  a problem  transporting  neutrons,  the  29063.22c  table 
will  be  used  for  neutron  collisions  in  that  material  as  it  was  seen  first.  Thu-s,  the  order  of 
theZAlD  entries  in  ihc  XSDIR  file  can  be  used  to  determine  which  tables  arc  used  in  a 
problem.  This  is  the  reason  the  default  XSDIR  file  distnbuled  with  the  MCNP  code  is 
ordered  such  that  the  recommended  tables  appear  first. 

Default  LIB  specifier.  The  default  library  used  for  a table  class  can  be  specified 
using  a material  option  entry  on  the  material  specification  canl.  For  MCNP.  three 
mautrial  options  arc  available  to  do  this.  They  are  the  NLIB.  PLIB  and  ELIB  options 
corresponding  to  the  neutron,  photoatomic  and  electron  default  library  specifiers, 
respecUvely.  The  names  of  the  material  oplions  arc  stored  in  ihe  variable  hmopl  in  the 
charoctec  common  block  of  deck  jc  as  inilialized  by  deck  Ibldnt. 


To  illustrele  Ihe  use  of  the  default  library  specifier,  consider  the  M card  “ml 
290S3  0.6917  29065.60c  0.3083  nllb-22c  pllb-Olp."  Any 

combination  of  malerial  opKons  can  be  used  as  needed  but  they  only  apply  to  thol  M 
card.  The  onler  of  precedence  for  selecting  o ZAID  is  the  full  ZAID  in  the  entry  pair,  the 
ZAfrom  the  entry  with  the  ID  from  the  default  libraiy  specifier  or  the  firal  appropriate 
match  to  the  ZA  in  the  XSDIR  file.  Back  to  ihe  example,  the  neutron,  phoioaiomie  and 
electron  tables  arc  selected  using  the  standard  XSDIR  file  as  follows.  The  neutrons 
tables  29053.22e  and  29055.60c  ace  used,  the  first  from  the  ZA  and  NLIB  library 
specifier  and  the  second  ^tecified  directly  by  ZAID.  The  pholoatomic  table  29000.0Ip  is 
used,  selected  by  the  ZA  shortened  to  elemental  Z and  PUB  library  specifier.  The 
electron  tablc29000.01e  is  used,  selected  as  the  first  appropriate  electron  table  listed  in 
the  XSDfR  file. 

The  malerial  option  PNLIB  has  been  added  so  that  Ihe  user  can  specify  the 
phoionuelear  default  library  for  a material  in  an  analogous  manner.  This  was  done  by 
incrementing  the  number  of  malerial  options  io  deck  jc  and  adding  the  siring  constant 
‘pnlib*  to  the  variable  A/nnpr  inilializarion  in  deck  ibidni. 

To  make  use  of  the  PNLIB  material  option,  consider  the  example  M card  “ml 
29063  0,6917  29065  0.3083  pnllb-03u" with Ihccorresponding MPN card 

“mpnl  29063  29063"  TheoverTXdecaid  specifies  thol  “Cu  should  be  used  in 
place  of ‘*Cu  for  phoionuelear  reactions  in  the  second  isott^e  of  the  material.  The 
PNLIB  delault  library  specifier  indicates  all  phoionuelear  tables  should  come  from  the 
LA  1 50  revision  3 photonuclenr  data  library,  with  library  number  03.  Thus,  the 


29063.03U  table  would  be  anuchcd  10  both  Rialerial  entries  for  handling  phoionuclear 
collisicns. 

Table  sclectian  and  storage-  The  ponion  of  the  coding  that  controls  dato  table 
selection  and  storage  requited  cuiensive  changes  to  enable  loading  a new  class  of  table. 
The  storage  allocation  process  was  completely  rewritten.  The  specific  changes  are 
documented  here. 

The  original  section  of  code  responsible  for  determining  the  storage  needs  for  the 
ctoss-accKon  data  used  a restrictive,  complicated  algorithm.  It  contained  dependencies 
that  assumed  one  table  type  per  particle  type  atiacbed  to  each  material  constituent,  i.e 
only  neutron,  photoatomte  and  electron  tables.  (This  is  not  strictly  true  as  theima!  tables 
augment  the  neutron  data  and  are  stored  separately  but  that  is  bandied  a.s  a separate 
optional  exception.)  As  implemented,  this  algorithm  was  not  extensible  to  include  a 
separate  phoionuclear  table  required  in  addition  to  a photoatomic  table.  The  algorithm's 
complexity  derived  from  a convoluted  process  whereby  it  determined  the  number  of 
duplicale  ubics  requested  in  order  to  reduce  the  memory  allocated  for  use  b table  header 
and  storage  arrays.  This  was  an  unnecessarily  complex  process  for  relatively  minor 
savinp  in  total  memory  needs. 

The  section  of  code  lhat  reads  material  specification  cards  was  heavily  revised. 
Several  new  arrays  were  introduced  to  mirror  the  existbg  data  pointers.  The  array  iru 
has  been  described  above.  To  reiterate,  tbe  array  tin  contains  the  material  isotope  listing 
for  the  purpose  of  simulating  phoionuclear  collisions  mirroring  the  array  aa  which 
contains  the  default  isotope  listing  for  all  other  isotope/atom-fraction  constituents  of  the 


All  dynamically  allocated  memory  in  MCNP  is  placed  in  a single  long  array,  das, 
and  referenced  by  offsets.  This  creates  a confrisittg  situation  because  all  dynamically 
allocated  arrays  ore  actually  the  same  array,  through  either  the  Fortran??  equivalence  or 
pointer  statement.  To  illustrate  this  cotrsider  the  array  yis,  itself  located  in  the  das  ttrrey, 
contains  locators  that  are  indexes  into  the  other  arrays  also  located  in  the  das  airay. 
Therefote,  all  arrays  must  be  refercneed  by  their  own  poiitlets,  e.g.  IJss.  that  contain  the 
index  of  the  first  woid  of  the  corresponding  stray. 

In  the  description  of  the  table  format  in  a previous  section  above,  NXS,  JXS  and 
IXS  ore  shown  as  one  and  two  dimensional  arrays.  In  use  wilhin  the  code,  arrays  rtajxt 
and  ta  are  given  an  oddiiicmal  dimension  corresponding  to  their  table  Index,  variable  iex. 
Each  table  has  a unique  index  assigned  by  its  order  within  the  stray  hs.  Thus,  in  use  the 
fifth  clement  of  the  NXS  array  for  the  fourth  table  is  fouod  at  the  location  iuj(/mf*5,4). 
Similarly,  the  third  elemeol  of  the  IXS  array  for  the  second  emission  particle  in  the  fifth 
table  is  found  at  the  location  txr(/b:s+3,2.5). 

There  ore  numerous  variables  and  amys  associated  with  the  table  selection  and 
storage.  The  array  Ime  has  dimensions  of  the  number  of  constiniems  specified  on  the 
material  cards  by  the  number  of  particles  available  for  traosport,  i.e.  mieby  mipl.  It 


and  contain  the  ZA  identifiers  for  the  neutron/pholoatomic/electton  and  pholonuclear 
material  constituents,  respectively.  The  tables  are  selected  using  their  ZA,  from  either 
array  iaa  or  irn,  and  their  ID,  from  either  the  directly  specified  ID  in  array  or  the 


defaull  specifier  locetcd  in  eittier  airay  Ud  or  to.  The  airays  nn./cs  and  its  comain  Ihe 
entries  corresponding  to  each  of  the  true  tables  in  the  simulation.  The  arrays  to.  Iwn,  to 
and  its  have  been  added  to  the  appropriate  common  blocks  to  mirror  die  arrays  iso.  (rrre, 
iic/and  ras/jsi.  respectively.  The  parameters  rmmec  and  mia  are  added  to  the  deck  ac 
to  indicate  the  ma,ximum  number  of  secondary  particles  per  table  and  the  maximum 
number  oflXS  array  entries,  8 and  12.  respectively. 

A number  of  other  new  variables  are  also  necessary  to  the  task  at  hand.  The 
variable  ispn  is  added  to  the  fixed  common  block  nxcom  to  hold  the  flag  indicating 
whether  phoionudear  physics  is  on  or  off.  The  array  par  is  added  to  the  fixed, 
dynamically-altocalcd  common  block  dac  to  coniain  the  lowest  phoionncicar  threshold- 
energy  for  each  material.  The  variable  loipn  is  added  to  the  task  common  block  tskcom 
to  holdibelctal  photonucicar  cross-secHon  value  for  the  curreni  photon  at  its 
corresponding  energy  for  each  task  transporting  particles.  The  variable  nptrm  is  added  in 
the  variable  common  block  varcom  for  use  io  priming  nn  error  message.  The  variable 
bin  has  been  added  to  the  character  common  block  in  deck  w to  coniaui  Ihe  string 
■cdytpmgue’  listing  Ihe  cla.ssea  of  fable  in  theit  default  order. 

Several  existing  vanables  have  been  enlarged  lo  contain  new  values.  The  arrays 
put  and  paxtc  contain  the  weight  values  by  panicle  type  for  the  overall  summary  tables 
for  the  problem  as  a whole  and  the  individual  tasks,  tespccKvely.  Their  dimensions  have 
been  incremented  by  one,  from  16  to  17,  to  store  phoioabsoiption  and  pholoproduction 
ioformalion  by  particle.  The  array  jmb  is  the  mapping  from  panicle  lemination  type, 
mer,  to  the  appropriate  storage  location  in  the  array  por.  Its  dimensions  have  also  been 
incremented  by  one  to  aecotiot  for  photoabsorption  termination  of  the  photon.  The  array 


pwh  conlauis  event  infonaation  for  each  ponicle  type  for  each  cell.  Its  dimensions  have 
been  incremented  in  siie  by  two,  from  19  to21.  lostore  photoebsorption  and 
photophoton  production  for  photons  as  well  as  phoioproduction  for  other  particles.  The 
aimy  pan  stores  interaction  activity  information  by  ubie,  currently  only  photootomic  and 
neutron,  for  each  coll.  Its  dimensions  have  been  expanded  to  include  space  for 
phoionuclcar  lables,  first  index  Irom  2 to  3.  as  well  ns  new  entries,  second  index  from  6 
to  h,  for  the  additional  photonuclear  interactions. 

Now  that  the  key  variables  are  known,  the  initialization  algorithms  can  be 
described.  MCNP  starts  a problem  by  rending  the  default  input  lile 'hnp”.  It  mokes  two 
passes  through  the  cards  in  the  file.  The  term  card  derives  from  the  days  of  punch  cards 
and  is  simply  a single  line  of  input.  The  first  pass  sets  up  the  storage  necessary  to  process 
the  input  and  stores  a few  key  user  input  patamcicrs.  The  second  pass  stores  the 
remaining  user  input  values. 

Sinccpholonuclearioleroetions  is  a new  capability  to  MCNP(X),  it  was  decided 
that  during  the  time  it  is  a beta  lest  capability  the  user  should  have  to  mm  on 
phoionucleat  physics.  This  was  done  in  large  part  so  that  the  existing  regression  test  suite 
could  be  used  without  change.  The  default  may  eventually  be  changed  to  have 
photonuclear  physios  oo  such  that  the  best  available  transport  algorilhms  are  used  unless 
the  user  turns  them  off.  The  fourth  entry  on  the  PHYS:P  cord  is  set  to  flag  the  use  of 
photonuclear  physics.  It  is  read  in  the  first  pass  through  the  input  file  and  stored  in  the 
variable  ispn.  Any  non-zero  inlegcr  Dumber  will  indicalc  that  photonuclear  physics  is  to 
be  used  duriug  the  current  transport  simulation.  Any  positive  integer  indicates  naniml 
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pholonucle^  colllsicns  arc  to  be  sampled;  any  negative  integer  indicates  biased 
pboiomiclear  collisions  are  to  be  sampled. 

During  the  first  pass,  several  key  parameters  are  determined  about  the  materials 
specified.  The  number  of  materials  specified  in  the  input  deck  is  stored  in  variable  nmor/ 
as  incremented  by  routine  newcdl.  The  number  of  isolope/atora-lraciion  pairs  specified 
on  a material  card  is  stored  in  variable  mve  as  incremented  for  each  entry  in  the  routine 
nxllll.  The  number  of  pairs  for  the  material  is  then  used  to  update  several  other  variables 
in  the  routine  oldcdl.  The  total  number  of  pairs  seen  on  all  matenal  cards  is  stored  in 
variable  mil.  The  maximum  number  of  pains  for  any  roalerial  is  siored  in  variable  mnn/n. 
The  vanablc  npn  sets  the  slorage  for  ihe  array  pan  and  is  incremented  hy  the  number  of 
paire  times  the  number  ofcellscontoining  this  material.  Theimal  neutron  tobies,  which 
contain  low  energy  scailenng  data  to  augment  neutron  tables,  are  handled  by  the  MT 
card.  The  variable  iitdi  contains  Ihe  lotnl  number  of  theimal  table  entries  for  all  MT  cards 
as  updated  by  routine  uidcdl. 

After  ibis  ficsl  pass  through  ihe  input  file,  the  slorage  requirements  are  computed 
in  thcroutioes  imenand  seldas  for  Ihe  table  headers  as  well  as  other  dynamically 
allocated  variables.  The  new  coding  lakes  a simple  approach  to  allocating  space  for  table 
headers.  In  routine  imed  just  after  the  call  to  passi  that  read  the  input  file  the  input  file 
forlhefiratlime,  do  the  following.  Count  the  number  of  particles  that  are  lobe 
transported  in  the  problem  assuming  one  table  set  is  needed  per  particle.  If  photons  are 
transported  and  electrons  are  not.  increment  the  count  because  an  electron  luble  set  Is 
needed  fbt  the  thick-target  brcmssirahlung  routines.  If  photons  are  being  transported  and 
pholonuclear  physics  is  on.  increment  the  count  to  indicate  that  two  sets  of  tables  arc 
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rseded  fat  phoions.  Remember  that  the  variable  mii  concams  the  iwal  number  of 
isoiope/aiom-ftaction  pairs  for  all  materials.  The  maximum  number  of  ubies  needed  for 
the  problem  can  be  computed  by  multiplying  mix  limes  the  table  scis  needed  and  then 
adding  inr/Mo  account  for  thermal  tables.  This  value  is  stored  in  variable  nice/  which  is 
then  used  in  routine  seldas  to  allocale  stoiage  for  table  headers. 

The  set  of  routines  described  above  has  simplified  the  oiiginol  coding.  It  assumes 
that  every  isotopc/aiom-fracdon  pair  will  need  a set  of  tables  and  eveiy  thermal  lable 
requested  is  different.  The  original  logic  in  these  routines  attempted  to  account  for  tables 
that  were  used  by  more  than  one  material  and  remove  the  storage  allocated  for  duplicates. 
This  represents  a small  memoiy  savings  in  comparison  to  the  amount  of  coding  and  worir 
needed.  It  therefore  bos  been  eliminated  from  the  current  coding. 

Once  the  routine  seldas  has  allocated  the  dynamic  memoiy.  variables  are 
initialized  as  necessary  and  the  second  pass  of  the  input  file  is  made.  The  arrays  Ixd  and 
toi  are  initialized  to  the  debuli  lable  type  for  each  particle  for  each  material  (‘  ’ far 
neutrons,  'p'  for  phoioatomic,  ‘e’  for  electrons  and  ‘u’  fa:  photonuclear).  The  array  pnr 
is  initialized  to  parameter  huge,  the  largest  real  value  allowed  by  the  system.  All  other 
arrays  of  interest  to  materials  are  initialized  with  zero  values. 

The  second  pas.s  though  the  input  (lie  checks  and  stores  the  remaining  user  input 
In  the  routine  newerd,  material  cards  are  checked  to  ensure  they  are  used  by  either  a cell 
oraiallymultiplier.  The  M card  is  ignored  otherwise  and  a warning  is  printed.  The 
number  of  materials  after  discarding  those  not  used  is  stored  in  variable  nmil.  The  name, 
i.e.  the  number  from  the  M cord  deck,  of  each  material  is  stored  in  the  array  nmi  in  the 


order  they  t 
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The  TOUiine  cheklt  examines  each  iiem  on  the  malcrial  card  befoie  it  is  passed  to 
the  mutinc  neitlt  to  be  stored.  User  input  default  library  specifiers  ace  examined  to 
ensure  that  the  table  type  is  suitable  and  that  the  corresponding  particle  is  being 
tiansponed.  Malcrial  constituent  fractions  are  checked  lo  ensure  they  are  non-aeto  and 
cither  all  atom  or  all  weight  fractions.  Warning  or  final  error  messages  ore  printed  as 
appropriate. 

The  routine  nexttt  actually  stores  the  user  input  values  from  the  input  deck  in  the 
correctmemory  location.  The  2AID  entries  are  split  apart.  The  ZA  is  stored  in  arrays 
aa  ond  ire.  The  MPN  card,  which  must  follow  the  corresponding  M card,  can  then 
overwrite  the  ZA  value  m Ihc  array  trn.  The  malcrial  conslicuem  fractions  are  stored  In 
array/me.  Positive  values  are  atom  fractions.  Negutivc  values  are  weight  fractions  that 
are  changed  10  mom  ftaeiions  in  the  routine  rhoden.  A user  input  default  moicriol  library 
specifiers  is  slored  aMrtopriately  in  either  array  fed  or  Ix/r. 

The  routine  old erd  then  makes  final  error  checks  and  completes  the  storage  of 
material  information.  IfnnyZAID  entry  does  not  have  a corresponding  fraction,  a fatal 
error  is  issued.  Otherwise,  the  number  of  pairs  for  the  material  is  stored  in  array  npq  and 
locators  for  the  material  entries  are  stored  in  array  jmd.  Warnings  are  printed  to  remind 
the  user  ifthe  photonucleor  isotope  override  has  been  used. 

The  routine  stuff  determines  the  actual  cross-section  tables  to  be  loaded.  The 
array  1x1  contains  a coded  list  of  all  cross-section  tables  to  be  loaded.  The  first  seebon  of 
the  routine  stuff  adds  the  neutreo,  phoioaiomic  and  electron  tables  requested  to  this  list. 
The  array  Ime  is  updated  with  the  table  ladex  into  array  ixl  to  associate  each  table  for 
each  panicle  type  with  Ihc  appropriate  material  constituent.  A new  section  of  code  adds 
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ihe  phoiomiclcar  tables  requesiei!  and  perfbims  a simiUi  update  for  the  array  Imn.  The 
thermal  tables  are  also  added  to  array  erf  and  array  Imi  is  used  to  associate  them  with  the 

The  order  of  precedence  for  the  table  ID  is  determined  by  the  algorithms  in 
routine  stuff.  The  exact  ZAID  is  requested  if  specified  in  the  materia!  entry.  TTie  ZA  and 
default  ID  are  requested  otherwise.  The  default  ID  con  be  from  a material  option  in 
which  case  it  can  include  a library  number.  Otherwise,  the  request  is  for  the  first  table  of 
the  appropriate  type  ia  the  XSDIR  file. 

The  list  of  requested  tables  io  array  it/  is  then  sorted  and  checked  for  duplicates. 
The  list  is  sorted  by  default  table  order  and  then  alpha-nutnencally  by  ZA  to  facilitate 
finding  and  loading  the  tables.  Duplicate  entries  are  removed  from  the  list.  Warnings  ate 
issued  to  the  user  for  near  duplicate  entries,  e.g.  ZAIDs  29D63.22c  and  29063.60c.  The 
table  index  arrays  Ime,  Imn  and  Imi  ore  updated  lu  mainuiin  cortespondence  to  the 
appropriate  material  entry. 

The  array  ixl  is  passed  to  routine  ixsdlr  that  determines  the  tables  available  for 
use.  The  available  cross-scction  tables  are  listed  either  on  XS  cards  in  the  input  deck  or 
in  the  default  XSDIR  file.  The  XS  card  or  XSDIR  entry  provides  basic  infotmalion  about 
the  cross-section  lable  including  its  location  in  the  computer  file  system.  The  ZAID 
entries  are  checked  first  against  the  XS  cards  and  then  against  the  XSDIR  entries.  The 
first  nearmalch,  i.e.  correct  ZA  and  table  type,  is  kept  m case  an  exact  match  is  not 
found.  The  information  fiom  either  the  near  match  or  the  exact  match,  if  found,  is  stored 
in  the  array  ire.  Ncarmatches  are  not  used  forftilly  specified  ZAIDs.  Forexample.  if 


only  29063.60c  was  fomid  and  butZAID  29063.23c  was  requested,  Ihc  near  match  would 
not  be  used. 

All  aiToy  Ixl  entries  should  now  be  matched  with  array  ixc  table  location 
information.  As  the  process  may  have  introduced  duplicate  enmes  for  matches  to 
partially  unspecified  tables,  they  are  removed.  If  any  isotope  is  missing  a needed  table, 
the  simulation  is  stopped  and  an  error  message  is  printed.  The  transport  process  cannot 
be  run  if  any  ctoss^secrion  table  is  missing.  Remember  that  the  pholonuclear  isotope 
override  may  request  ao  table  be  used  in  which  case  ao  table  is  needed.  This  complwes 
the  input  file  processing. 

The  cfoss-scction  tables  ore  loaded  by  the  routine  xact  and  its  subroutines.  AH 
cross-section  tables  are  loaded,  proces.sed  and  stored  individually  except  for  electron 
tables.  Electron  tables  ore  a special  case.  The  electron  data  tables  are  loaded  last  and 

processed  all  ptonce.  The  new  photonuclear  tables  are  handled  individually  just  as  all 

other  aormal  tables. 

The  routine  getxsl  Is  called  to  process  each  individual  table.  After  finding  the 
location  of  the  next  table  in  the  appropriate  librniy  file,  it  calls  the  routine  sread  to  read 
the  dau  into  memory.  The  rouline  sread  first  checks  to  ensure  that  the  table  header 
matches  the  table  requested.  It  then  stores  the  NXS  and  JXS  entries  in  the  corresponding 
array  and  all  other  entries  in  the  las  array.  Back  in  the  routine  getxsl.  theyis  locator 
values  arc  updated  to  become  indices  into  the  ruolime  »s  airay.  If  appropriate,  the  IXS 
entries  arc  then  extracted  from  the  xss  array  and  stored  io  the  appropriate  its  array.  The 
locators  in  ixs  are  updated  in  a manner  similar  lojxi.  If  appropriate,  data  tlial  are  not 
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nssded  in  ihe  cunent  transport  simulation  are  enpunged  from  the  xss  airay  again 
appropriate  updating  all  locators. 

To  this  point  only  one  data  table  has  been  stored  in  the  iti  array  at  any  time. 
During  the  transport  proces.s  all  data  tables  arc  siotrd  consecutively  in  the  xss  array. 
Therefore,  all  localora  are  updated  one  more  time  to  point  to  where  the  data  will  be 
during  the  simulation.  The  table  is  then  written  to  the  file  "nintpe"  and  the  next  table  Is 
processed.  When  all  tables  hove  been  processed,  the  array  iii,  now  with  all  the  tables 
stored  in  order,  is  loaded  back  into  memory  from  the  file  runtpe.  This  completes  the 
setup  and  storage  phase. 

It  is  worth  noting  here  that  this  coding  has  been  subject  to  extensive  review  in 
addition  to  what  was  needed  for  this  work.  The  MCNPX  code  has  recently  been  updated 
with  the  capabilicy  to  load  evaluated  proton  data  to  enable  tabular  sampling  of  nuclear 
events.  The  coding  to  do  this  corresponds  to  the  description  above  except  without  an 
isotope  override  card.  This  coding  has  been  implemented  io  MCNPX  and  was  reviewed 
again  at  that  time.  The  process  was  documented  |55)  and  the  coding  has  been  In  use  in 
MCNPX  with  no  bugs  reported  to  date. 

Physics  Implementation 

In  the  tabular  data  regime,  MCNP(X)  implements  a statistical  Monte  Carlo 
method  to  simulate  radiation  transport.  This  means  that  the  details  of  any  one  history  do 
not  necessarily  represent  physical  reality.  It  is  only  when  the  details  of  many  histories  are 
accumulated  and  considered  as  a set  ihst  average  values  corresponding  to  physically 
meaningful  quantities  can  be  determined.  This  has  a significant  impact  on  the  data 
needed  to  perform  the  simulation  as  well  a.s  on  how  the  simulation  is  conducted. 
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Tbe  ACE  obular  data  include  reaction  cress  sections  and  the  average  ernUsion 
parameters  of  the  secondary  particles.  For  most  evaluated  data,  the  word  average  implies 
that  if  a reaction  produces  two  neutrons  from  a(x,2n)  reaction,  the  emission  energy 
specmim  is  the  average  considering  both  neutrons  together,  not  separately.  In  a teal 
collision,  the  amount  of  energy  the  first  neutron  lakes  away  determines  the  energy 
available  for  the  emission  of  the  second  neutron.  In  a statistical  sampling  process,  one 
averaged  emission  spectrum  is  used  lo  sample  both  neuiroiis.  It  is  therefore  possible  to 
sample  tcactions  in  which  energy  is  not  conserved  for  the  collision.  However,  given  thal 
enough  collisions  arc  sampled,  the  average  emission  parameters  for  the  secondary 
panicles  are  correct. 

Statistically  average  data  requires  considerably  less  memory  than  does  true 
sampliog  data.  As  current  sutisttcal  tables  require  os  much  as  two  megawords  of  storage 
per  ubic.  routinely  using  complete  data  is  prohibitively  expensive.  A complete  table 
would  need  lo  include  appropriate  distributions  for  every  second,  third,  etc.  emission 
particle  and  would  exponentially  increa-se  the  storage  requirements. 

The  algorithm  for  statistical  Monte  Carlo  sampling  Is  simple  and  straight-forward. 
During  the  transpon  procesa,  the  distance  to  the  next  event  is  used  along  with  the 
direction  of  flight  to  move  particles  through  a simuladon  geomelty.  If  the  particle  is  io  a 
marcrial,  the  disiancc-lo-collision  is  one  of  the  possible  next  events.  The  dislance-lo- 
collision  is  sampled  using  a random  number  and  the  probability  of  the  panicle  colliding 
wilb  anainm  in  the  malenal.  The  probability  of  collision  is  known  os  the  total 
macroscopic  cross  section  and  is  typically  given  in  units  of  inverse  centimeters.  Tbe 
macresoopic  cross  section  is  the  atom  density  times  the  total  micrescopio  cross  section 


for  oJl  reaclions  iavolviog  an  incident  panicle  type  in  a given  material.  The  microscopic 
cross  sections  are  tabulated  asaftinction  of  the  bcident  particle  energy  In  the  ACE 

As  the  routine  hslory  tracks  a photon  through  a medium,  it  first  calls  the  routine 
pbolat  to  compute  the  total  microscopic  cross  section  for  the  current  energy  in  the 
current  material.  Previous  to  this  work,  the  routine  pbolat  returned  only  the  total 
photoatomic  cross  section.  The  value  of  the  total  phoioatoniic  cross  section  is  stored  in 
variable  rorm.  The  logic  to  compute  the  photoatomic  total  cross  section  is  left  untouched. 
However,  a new  test  in  routine  photot  checks  to  see  ifpholonuclear  physics  is  on  and  if 
so  calls  the  routine  pnctol. 

The  routine  pnctol  has  been  added  to  compute  the  total  pholonucleat  microscopic 
cross  section.  It  accumulates  the  total  photonuclear  cross-section  in  the  variable  Krpn. 
This  variable  Is  initialized  to  zero  upon  entering  the  routine.  If  the  incident  energy  is 
below  the  phoionucicut  threshold,  as  stored  in  army  par  by  material,  the  routine  is  done. 
Otherwise,  the  total  cross  section  for  each  isotope  in  the  material  Is  accumulated  in  lolpn. 
Additionally,  as  each  cross  section  Is  located,  the  cutrenl  energy,  the  indez  and  offset  of 
the  current  energy  in  the  main  energy  grid  and  the  value  of  the  cross  section  for  the 
isotope  are  stored  in  the  array  ktc  and  nc.  This  is  done  such  that  these  values  ate 
available  immediately  if  the  next  request  matches  the  current  energy. 

Once  back  in  routine  photot,  the  total  photonuclear  crass  section  for  the  material 
is  added  to  the  total  photoatomic  cross  section  and  stored  ioro/mjust  before  returning  to 
routine  hstory.  The  routine  hstory  uses  this  value  to  compute  the  total  macroscopic 
cross  section,  variable  rho,  the  atom  density,  times  variable  ioin.  The  inverse  of  this 
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value  is  knoMfd  05  Ihe  mean  free  paih  and  stored  in  varioble  gs-  Thedislance-lo-collision, 
scored  in  variable  pmf,  is  Chen  computed  from  the  well  known  Monte  Carlo  sampling 
formula.  (For  general  information  on  the  Monte  Carlo  method  for  simulating  radiation 
transport,  see  the  reference  by  Carter  and  Cashwell[56j.)  This  is  an  important  step  in 
achieving  a more  correct  photon  simulation  as  the  use  of  only  the  photoatomie  cross 
section  can  overestimate  the  distance-to-collisioo  by  up  to  seven  percent  for  photon 
energies  in  the  giant  dipole  resonance  region  and  therefore  skew  the  photon  collision 
distribution. 

If  the  next  event  is  a photon  collision,  the  routine  colidp  is  called  to  handle  the 
interaction.  Similar  to  the  treatment  in  routine  pholot,  phoionudear  interactiotis  are 
treated  in  a separate  subroutine.  If  photonucicar  physics  is  on  end  the  photon  is  above  the 
phoionudear  threshold  energy,  the  routine  coldpn  is  called  at  the  beginning  of  colidp  to 
handle  a possible  photonucicar  event. 

Phoionudear  evenu  are  rare  In  comparison  to  photoatomie  events.  For  this 
reason,  it  is  useful  to  have  a method  to  bias  the  sampling.  The  variable  ispn.  set  by  the 
userasihefourthenoy  on  the  PHYS:P  card,  controls  the  biasing  method.  If  the  value  is 
a positive  integer,  phoionudear  events  occur  at  their  natural  tiequcncy.  That  is.  sample  a 
random  number  from  Kioto  one  and  if  it  is  less  than  the  ratio  of  the  total  phoionudear 
cross  section  to  the  total  cross  section,  the  collision  is  a photonucicar  event.  If  not, 
account  for  not  sampling  a phoionudear  event,  return  to  the  routine  colidp  and  sample  a 
photoatomie  event  in  the  normal  manner. 

Biasing  forces  a photonucicar  collision.  If  the  user  has  set  the  variable  it/in  to  a 
negative  integer,  the  photon  is  split  Two  panicles  each  of  reduced  weight  (a  measure  of 


their  imponance)  are  creaicd.  One  is  forced  to  undergo  photonuclcar  absorption  and  the 
other  is  passed  back  to  the  routine  culidp  for  normal  pholoaiomic  sampling.  The  weight 
is  adjusted  by  the  probability  of  each  type  of  event,  photonucicar  or  photoatoinic. 
Specifically,  the  weight  of  the  photon  that  undergoes  forced  photoouclear  sampling  is 
scaled  by  the  ratio  of  the  photonuclear  cross  section  to  the  total  cross  section.  The  weight 
of  the  photon  that  undergoes  pholoaiomic  sampling  Is  the  original  photon  weight  minus 
the  portion  that  underwent  photonuclear  absorption. 

For  either  natural  or  biased  photonuclear  collisions,  It  is  necessary  to  update  the 
summary  infbrmaiioa  If  It  Is  a natural  sampled  photoouclear  collisioo,  the  summary 
arrays  pm  andpwft  are  updated  to  indicate  the  photon  was  terminated  by  a photonuclear 
absorption.  If  it  Isa  forced  collision,  the  summaries  are  updated  to  account  for  the  weight 
and  eoergy  lose,  but  do  not  indicate  absorptron  as  the  original  photon  with  the  remaining 
weight  continues  onwaid. 

Once  it  has  been  decided  that  all  or  part  of  the  incident  photon  will  undergo  a 
photonuclear  collision,  the  target  isotope  must  be  chosen.  A random  number  is  sampled 
and  a target  isotope  is  chosen  based  on  the  ratio  of  its  partial  cross  section  to  the  lolal 
cross  section.  This  Is  done  by  accumulating  the  cumulative  probability  thal  iho  reaction 
occurred  for  each  isotope  in  the  material  in  turn  until  reaching  the  randomly  sampled 
probability.  After  the  target  isotope  is  chosen,  the  array  pan  is  updated  to  indicate  n 
collision  using  that  isotope’s  ubic. 

Ba.sed  on  the  target  isotope  and  the  incident  photon  energy,  a production  cross 
section  can  by  calculated  for  each  secondary  particle  of  interest.  The  ratio  of  the 
secondary  particle-production  cross  section  to  the  total  cross  section  for  ihul  isotope  is 
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storeil  in  variable;^  and  represenls  Ihe  average  number  of  pardde  emissions  expecied. 
An  integer  number  of  panicles  suitable  for  sampling  can  be  obained  by  adding  o random 
number  from  zero  to  one  to  the  average  value/j!  and  raking  the  integer,  floor,  value.  Tbis 
number  is  stored  in  vtmable  up.  Again,  realize  that  because  this  is  siadstical  Monte 
Carlo,  the  average  number  of  paiTicIcs  emitted  is  preserved  only  over  large  numbers  of 
histories. 

Because  biased  phoionuclear  particle  pnxiuction  can  cause  considerable 
variotlons  in  weight,  it  is  desirable  to  have  a method  to  control  the  emission  particle's 

weight.  The  weight  windows  present  a reasonable  method  for  achieving  this.  Weight 

windows  are  user  input  values  that  cootrol  the  value  of  particle  wel^t  in  an  energy 
region  in  a spatial  region.  If  the  particle  is  above  the  weight-window  limit,  the  weight  is 
reduced  by  splining  it  among  several  Identical  particles  such  that  the  new  particles  fit  in 
the  window.  If  the  particle  is  below  the  weight-window  limit.  Russian  roulette  is  played 
and  particles  which  survive  have  their  weight  increased  to  a value  within  the  window. 
The  splitting  or  roulette  of  particle  is  limited  to  a reasonable  value  for  any  given  step. 

If  only  one  energy  group  exists  for  the  particle  of  interest  at  its  current  position, 
the  weight  window  control  con  be  applied  before  sampling  the  emission  paiameteis. 
Specifically,  ihe  np  particles  to  be  sampled  are  split  or  rouletted  appropriately.  This  is 
advantiigcous  for  cwo  reasons.  Firat,  it  prevents  sampling  particles  that  do  not  undergo 
ftinber  minsponcd,  thus  saving  CPU  lime.  Second,  it  splits  particles  ofhigh  weight 
before  sampling  emission  parameters.  This  generally  provides  better  sKlisties  faster  as 
more  ofthe  emission  phase-space  is  sorapicd  per  collision.  Obviously,  if  more  than  one 


energy  group  exisis  for  the  weight  window,  the  scheme  can  only  be  applied  after  the 
panicle  Is  sampled  and  its  energy  is  known.  This  is  done  ns  described  below. 

A loop  over  the  integer  number  of  particles  to  be  emitted  is  used  to  select 
appropriate  emission  pammeters.  Similar  to  the  selection  of  taigei  isotope,  aproductioo 
reaction  is  randomly  sampled  from  those  available.  Once  the  reaction  is  picked,  the 
energy  and  scattering  angle  are  sampled  using  the  standard  ACE  sampling  routines  and 
renimed  in  the  laboratory  system.  The  cuirenl  center.of-inass  to  liboraioiy  transform 
docs  not  account  for  the  photon  momentum.  The  routine  rotas  then  updeics  the  emission 
particle's  direction  of  flight.  Note  that  this  is  a statistical  method  that  randomly  samples 
the  reactions  producing  the  emission  particles,  e.g.  if  two  neutrons  are  emined,  one  may 
be  from  o (y,2n)  and  ihe  second  ftom  a (y.fiasion)  reaction. 

Updates  to  the  ACE  sampling  routines  were  needed  for  four  different  efforts.  The 
delayed  neutron  capability  implemented  by  Chns  Werner  [57]  needed  to  sample  neutron 
emission  spectra  from  a new  location  in  the  class  ‘c’  table.  The  upcoming  release  of  a 
new  ACE  continuous-energy  neutron  library  built  from  the  latest  release  of  Ihe  ENDF/B- 
VI  evaluated  data  libraiy  will  use  correlated  tabular  energy-angle  spectra-  The  coding  to 
implement  Energy  Law  61,  cotrelaled  labular-encrgy/tabular-angular  distribution,  and 
Angular  Law  2,  tabular  angular  distributions,  were  writlen  by  Bob  Little  of  X-5  at  LANL. 
The  ACE  sampling  routines  have  only  been  used  for  incident  neutron,  emitted  neutron- 
photon  reactions.  Sampling  for  incident  photons  and  protons  with  subsequent  emission 
of  all  light  particles  required  removbg  certain  dependencies  within  these  routines  and 
updating  ccitain  algorithms.  The  cRbrt  to  use  proton  tables  in  MCNPX  and  the  effort  to 
use  phoionuciear  tables  In  both  MCNPand  MCNPX  required  these  changes. 


In  order  to  avoid  inultiplc  implemcmations,  one  set  of  source  code  was  needed 
impleineminB  the  necessary  changes.  The  integration  of  these  changes  was  coordinated 
within  the  scope  of  this  work.  The  implementation  and  testing  of  the  updated  ACE 
routines,  done  in  cooperation  with  Urty  Cox  of  the  MCNP  development  team  and  Grady 
Hughes  of  the  MCNPX  development  team,  is  documented  in  two  internal  memoranda 
[32.33].  The  details  ofthe  modifications  am  leh  to  those  documents. 

Once  the  emission  particle  has  been  sampled,  several  updates  must  be  made.  The 
arrays /xtt,  pw6  and  port  are  updated  to  reflect  the  particle  creation.  Particles  below  their 
respective  energy  cutoff  are  killed.  The  routines  dxlran  and  tallyd  arc  called  to  calculate 
contributions  to  dxtran  spheres  and  point  detectors.  The  particles  weight  is  checked 
against  the  value  for  the  weight-window,  if  in  a region  with  cnctgy  depend  weight 
windows,  and  adjusted  as  described  above.  Finally,  assuming  no  errors  have  been 
encountered,  the  panicle  is  banked  for  further  transport  by  the  routine  hsiory. 

Tullles.  Summoiies  and  Other  Capabilities 

The  major  MCNP  capabilities  are  all  fully  functional  with  the  creation  of 
secondary  parncics  from  photonuclear  interactions  as  implemented  In  the  present  work. 
Contributions  to  dxtran  spheres  and  point  detectors  are  calculated  as  appropriate.  Created 
particles  are  transported  using  the  standard  routines.  The  weight  window  scheme  is  used 
to  control  particle  weights.  The  standard  MCNP  tallies  work  without  change.  Only  a 
few  auxiliary  functions  not  necessary  to  transport  remain  to  be  integrated. 

Summary  table  infoimanou  is  the  last  important  topic  to  cover.  Biased  Monte 
Carlo  can  bedangcrousifused  OSD  black  box.  It  is  possible  lo  force  the  random  walk  to 
skip  large  arens  ofimporiancc  within  a problem  such  thanhe  answer  produced  does  not 


retlecl  physical  reality.  In  order  to  avoid  ibis,  MCNP  provides  Ihe  user  a number  of 
summary  tables  to  enable  beRcr  understanding  of  the  details  of  ibc  simulation.  The 
example  summary  labtes  discussed  below  are  located  at  the  end  of  the  chapter. 

All  MCNP  simulations  prim  a general  problem  suiranory.  This  is  a set  of  lables 
by  particle  type  that  present  creation  and  loas  information  for  external,  physical  and 
variance  reduction  cvenis.  Pholonuclear  adds  three  new  events  to  the  standard  MCNP 
tables;  photonuclear  absorption  of  photons,  creation  of  photophoions  and  creation  of 
pholoneutrons.  MCNPX  will  include  similar  entries  for  phottqiroduciion  of  other  light 
particles.  Examples  of  the  expanded  summary  ubies  for  neutrons  and  photons  are  shown 
in  Table  3-6  and  Table  3-7,  respectively. 

Implemcniing  the  new  entries  for  die  problem  summary  tables  was  straight- 
forward. Theartay/raxisusedioholdlhe  values  forthesetahles.  It  has  been  expanded 
and  updated  as  described  above.  The  routine  suniary  actually  prims  the  tabic  to  the 
output  file.  New  hcadere  were  added  to  this  routine  for  the  new  table  entries.  The  tobies 
are  primed  via  a loop  over  each  set  of  eolnes  for  each  panicle  type.  This  loop  was 
appropriately  updated  to  include  printing  of  the  new  entries.  The  auxiliary  information 
such  as  averege-iime-io-eveat  bus  also  been  updated. 

Often  more  insight  into  the  problem  is  needed  than  ihe  genera!  problem  summary 
provides.  There  arc  three  optional  print  lables  that  provide  more  detailed  information. 
This  information  is  provided  by  cell  in  each  case.  This  allows  the  expert  userlo 
undersiand  the  flow  of  events  within  the  simulation  and  hopeftilly  determine  if  an  area  or 
event  is  under  sampled  or  inappropnaicly  biased. 


Prim  Table  126  provides  general  cell  activity  by  panicle.  It  conuins  informotion 
about  the  population  of  panic  lea  and  their  average  wei^t.  energy  and  mean  path. 

No  changes  were  necessary  to  the  methodology  for  this  print  table.  The  values  ore 
updated  using  information  that  is  consistent  with  the  new  phoionuelear  capability. 

Prim  Table  130  provides  a detailed  weight  balance  for  each  cell  by  particle  type. 

It  is  split  into  three  pans:  external,  variance-reduction  and  physical  events.  The  original 
version  of  this  table  printed  with  events  listed  horizontally  across  the  page  and  cells  listed 
vertically  down  the  page.  This  completely  filled  the  available  132-column  width  and 
could  not  be  expanded  to  include  photonudear  events  without  exceeding  the  column 
limitation.  Therefore,  when  the  new  photonudear  evems  were  added,  the  formal  wa.s 
rotated  such  that  events  are  listed  vcnically  down  the  page  and  cells  are  listed 
horizontally  across  the  page.  A maximum  of  nine  cells  are  printed  across  the  page  before 
the  proces.s  is  repeated.  A sub-total  for  each  event  type  is  included  as  well  as  a total  over 
all  cells.  Table  3-8  and  Table  3-9  show  examples  of  the  new  format  for  the  neutron  and 
photon  weight  balance  tables,  respectively, 

The  change  in  format  for  Prim  Table  130  required  that  the  print  sequeoce  be 
revised  to  print  the  information  rotated  as  described  above.  Dunng  the  revision,  the 
coding  was  encapsulated  In  its  own  routine.  Ibll30.  called  as  needed  by  routine  action.  It 
is  implemented  as  a simple  series  of  print  statements.  For  each  event,  it  first  prints  the 
header  and  then  the  individual  cell  values  one  at  a time  across  the  page.  The  132-column 
limit  corresponds  to  a maximum  of  nine  cells  across  the  page.  New  pages  arc  generated 
as  needed  and  headers  are  printed  each  time.  The  dimension  for  storage  array  pwb  has 
been  incremented  by  one  to  provide  storage  for  the  calculation  of  the  total  over  all  cells. 


The  lolal  over  all  cells  is  accumiilaled  as  the  table  is  printed  and  is  printed  just  ader  the 
last  cell.  This  process  is  done  for  each  panicle  t)pc  being  Ininsponed.  Il  has  been 
verified  that  the  values  of  the  array  ptvb  have  not  been  corrupted  and  that  the  new  print 
sequence  appropriately  places  the  entries. 

Prim  Table  140  provides  details  of  particle  interactions  by  nuclide  for  each  cell. 
Two  tables  previously  provided  information  by  nuclide  and  cell  for  neutron  and 
photoatomic  interactions.  A new  table  provides  similar  information  for  phoronuclear 
mteraclioQS.  Table  3*  10,  Table  3-1 1 and  Table  3-12  show  examples  of  the  format  for 
each  type  of  interaerion. 

For  unknown  reasons,  the  prodnedon  of  photons  due  to  neutron  intcracdons  was 
previoitsly  listed  in  the  photoatomic  summary  table.  The  photon  siotistics  include  the 
total  number  of  tracks  produced  as  well  as  the  average  weight  and  energy  of  the  photons 
produced.  The  new  locadon  of  these  values  in  the  neutron  nuclide  summary  is 
highlighted  in  Table  3- 10.  The  removal  of  this  infbrmuiion  from  the  pholoatomlc 
summary  is  shown  in  Table  3-11. 

The  inrormatioD  provided  In  Prim  Table  140  for  collisions  sampled  using 
phoronuclear  tables  is  similar  to  that  provided  for  neutron  tables.  The  nuclide  and  its 
arom  Oaclion  for  the  cell  in  question  arc  listed  first.  The  total  number  of  collisions  and 
the  average  weight  pet  collision  are  listed  next.  The  number  of  tracks  and  the  average 
weight  and  energy  of  the  secondary  panicles  produced  am  given  for  both  pholophotons 
and  photoneutrons.  Totals  by  nuclide  ore  also  included. 

The  changes  necessary  to  implement  the  revised  Print  Table  140  were  extensive. 
The  array  pern  was  expanded  in  dimension  from  two  to  three  to  allow  for  a new  table  type 
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and  fromsuto  eight  loallow  for  additional  brormation.  The  expansion  for  additional 
infomtarion  allowed  the  photon  production  from  neutron  colliaioo  data  to  be  moved  back 
into  the  neutron  table  listing.  The  nevr  listing  lor  phutonuclear  collisions  Is  updated  in 
the  routine  coldpn  to  account  for  the  number  of  collisions  and  their  weight  as  well  as  the 
number,  wei^t  and  average  energy  of  photons  and  neutrons  produced. 

Similar  to  the  routine  tbIlSIl,  a new  routine  was  written  for  Print  Table  140,  The 
routine  action  now  calls  routine  IblldO  to  print  the  nuclide  activity  information.  Again,  a 
simple,  brute*force  solution  was  implemented  to  print  the  necessary  infomtation.  It 
follows  the  same  formal  as  in  the  original  Prim  Table  140  though  it  has  been  condensed 
in  width  to  allow  for  the  additional  ioformation  as  described  above.  The  values  for  the 
values  for  these  existing  tables  have  been  checked  to  verify  they  have  not  been  comiptcd 
by  the  relocation.  The  new  values  have  been  checked  by  hand. 

Future  Work 

The  next  step  in  Ibis  effort  Is  to  implement  the  prototype  coding  into  the  MCNPX 
code  for  release  to  a beta'User  conummity.  It  is  believed  that  this  is  the  best  audieoce  to 
begin  using  the  new  phoionuclear  physics  capability.  Over  the  last  three  years,  these 
useis  have  helped  guide  the  evolution  of  the  MCNPX  code  by  testing  new  capabi  lilies 
and  suggesting  future  directions.  As  the  last  features  necessary  to  implement  the 
phoionucicat  physics  capability  arc  finalized,  the  assistance  of  this  community  should 
ensure  that  the  final  prodaci  is  bug  free  and  user  friendly. 

Them  arc  a few  areas  of  known  concern  in  the  current  coding.  The  LA150 
phoionuclear  data  make  use  of  only  one  reaction  cross  section  with  secondary  panicle- 
production  baaed  on  appropriate  yields  and  emission  spectra  given  by  Kalbach 


73 

syslematics.  The  errors  and  warnings  in  the  prololypc  have  been  verified  to  ensure  they 
would  catch  problems  with  the  LA  1 50  data  hut  fiuthcr  checks  arc  needed  to  verily  they 
will  catch  all  generic  data  errors.  Similarly,  the  sampling  routines  have  been  verified  to 
correctly  use  the  LA  150  dau,  but  further  checks  arc  needed  to  verily  that  other  processed 
data  will  work  correctly.  Last,  MCNP  and  MCNPX  are  riddled  wilh  hidden 
dependencies.  It  is  expected  thnl  further  user  testing  will  produce  several  minor  glitches. 

The  current  sampling  of  photonuclear  data  using  Energy  Law  44  Is  based  on  the 
original  formalism  by  Kalbach  [50,51].  Chadwick  has  proposed  [I  I]  that  the  reduced 
moracnium  of  the  photon  particle  incident  on  the  heavy  ta^et  is  more  realistically 
sampled  as  Isotropic  for  multi-step  compound  decay.  A new  Energy  Law  including  this 
modificalion  needs  to  be  proposed  to  the  Cross  Section  Evaluation  Working  Group 
(CSEWC),  the  group  which  controls  the  ENDF  format. 

MCNP(X)  provides  many  auxiliary  functions  In  addition  to  its  mainstream 
capabilities.  Some  of  these  features,  such  as  cveot  log  priming,  have  updated  to  include 
photonuclear  information.  However,  seveml  others,  including  but  ore  not  limited  to  the 
tally  multiplier  card,  cross  section  plotting  and  pirac  file  writing,  have  not  been  updated. 
For  this  woric,  these  features  were  not  necessary.  As  lime  pemils,  they  will  be  added 


CHAPTER  4 

VERIFICATION  AND  VALIDATION 

Introduction  to  VeriUcation  and  Volidation 
In  today's  sciendric  world,  the  computer  has  become  an  essential  tool.  However, 
the  use  of  the  computer  is  still  an  evolving  subject.  Ao  entire  field  of  study  has  devoted 
itself  to  software  quality  osstimoce.  The  cornerstones  of  software  quality  assurance  are 
verilicatioo  and  validation.  As  this  work  is  in  large  pan  a software  coding  project,  it  is 
desirable  to  address  thequesbon  ofveriEcabon  and  validotlon  here. 

Verilicabon  in  the  coniext  of  software  quality  assuiance  is  the  process  of  ensuring 
the  functionality  of  the  software.  It  can  also  be  thought  of  as  lacklingthe  subtler  issue  of 
the  garbage  in  equaJs  garbage  out  problem.  The  is.suc  is  how  to  ensure  that  the 
fiincunnality  of  the  coding  performs  in  the  manner  expected  and  does  so  for  all  valid 
cases.  A brief  summary  of  the  verification  of  the  piesent  work  is  presented  in  the  next 
scebon.  The  larger  problem  of  ensuring  that  the  results  are  not  garbage  is  the  domain  of 
validation  and  the  primary  focus  of  this  chapter. 

The  quest  of  validation  in  the  context  of  software  quality  assuiance  is  to  prove 
that  the  coding  and  data  Inquesbon  perform  with  reliable  resuhs  in  the  region  ofinlercsi. 
For  the  purpose  of  this  work,  the  region  of  interest  is  the  production  of  neutrons  from 
bremsstrahlung  photons  in  the  energy  range  up  through  several  lens  of  MeV.  As  the 
ability  to  use  tabular  phoionuclcor  data  within  MCNP  hos  not  been  generally  available 
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before,  the  voIidstioD  results  discussed  here  provide  the  basis  for  estimating  the  general 
uncertainty  for  the  this  new  capability  as  a whole. 

For  the  puiposcufthis  work,  the  Ideal  validation  bendunark  should  Include  the 
production  of  photons  via  bremsstrahlung  radiation  and  the  subsequent  production  of 
neutrons  from  those  photons.  Additionally,  such  a hcnchmark  should  contain  as  few 
extraneous  complications  as  possible  and  must  document  enough  of  the  setup  and 
analysis  to  conclude  that  a fair  comparison  to  any  simulation  is  being  obtained.  The 
literature  has  beeo  searched  for  such  benchmarks  with  minimum  results. 

There  is  a dearth  ofexperimentai  data  available  in  the  area  of  pholonuclear 
physics.  Ofihe  published  results,  few  are  suitable  foru.se  as  benchmarks.  Manyearly 
experimentalists  measured  the  pholonuclear  cross  section  of  materials  with 
bremsstrahlung  photons.  The  raw  data  of  neutrons  observed  for  a specific  experimental 
configuration  would  be  an  ideal  benchmark  However,  the  raw  data  is  typically 
"unfolded"  and  rcprcscnlcd  as  a set  of  cross  sections.  The  experimental  data  thus 
presented  is  unusable  as  a benchmark  os  the  unfolding  method  is  not  documented  and 
typically  a poor  quality  cross-section  measurement  in  comparison  to  tho.se  obtained  with 
mono-cnergeric  photons. 

There  are  numerous  other  measurements  in  the  literature  that  would  be  useful  but 
come  from  complicaled  systems  that  are  not  well  documented.  Measurements  that  are 
based  on  poorly  documented  systems  cannot  be  used  as  benchmarks  because  too  many 
assumptions  must  be  made  in  the  simulation  model.  For  a measurement  to  be  useful  as  a 
benchmark,  it  must  contain  a description  of  the  expcrimenlal  setup  that  thoroughly 
documents  every  significant  parameter 
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Two  studies  have  been  chosen  from  the  available  literature  fot  the  puiposeof 
validation  of  the  work  presented  in  this  dissertation.  Swanson  [31.32J  folded  difterential 
photon  fluxes  calculated  from  analyhcai  shower  theory  with  measured  cross  sections  to 
obtain  neutron  yields  from  electrons  incident  on  semi'inliniie  slab  geometry.  Barber  and 
George  [38]  reported  absolute  measurements  of  neutrons  produced  per  efectron  incident 
on  several  materials. 

The  results  presented  by  Swanson  are  not  true  experimental  measutemenis. 
However,  they  arc  useful  for  a number  of  reasons.  The  Barber  and  George  experiment 
was  the  only  work  found  to  date  that  conuins  the  details  necessaiy  to  be  defined  as 
experimental  benchmark  data.  As  a second  study  was  desired  for  comparison,  the  work 
of  Swanson  was  chosea  That  this  study  was  chosen  was  not  an  arbitrary  decision.  The 
original  mulivation  for  this  work  was  the  aascsamcnl  of  the  neutron  field  in  a medical 
accelerator  room.  Tbe  defining  work  in  this  area  is  NCB.P  Report  79  [2].  Swanson 
participated  as  a consultant  to  the  task  force  which  wrote  this  report.  The  method  he  has 
used  to  calculate  Uieoretlcal  neutron  yields  Is  recommended  in  the  report  to  calculate  the 
neutron  source  produced  withio  an  accelerator. 

Swanson  utilizes  analytical  shower  theory  and  experimental  cross-section 
measurements  to  obtain  an  expected  neutron  yield  released  by  electron  bombordmcol  of  a 
material.  The  accuracy  of  the  neutron  yield  calculated  is  highly  sensitive  lo  the  accuracy 
of  the  cross-section  measurements  used.  However,  in  the  absence  of  the  equivalent  direct 
measurement,  this  is  a uaelul  way  to  calculate  neutron  yields. 

Tbe  Barber  and  George  results  are  experimental  and  they  are  considered  an 
excellent  benchmark.  As  such  benchmark  data  arc  tare,  great  pains  hove  been  taken  here 


77 

10  explaiD  how  the  daia  was  taken  to  the  hopes  that  experimentaiists  who  read  this  might 
he  compelled  10  perform  similar  measurements,  it  is  hoped  that  the  availability  of  this 
new  ability  to  simulate  pbotonuclcar  ioteractions  to  radiation  transport  will  encourage 
such  benchmark  experiments. 

Comparison  of  current  calculations  to  each  of  the  sets  of  data  described  are 
presented  os  a section  of  this  chapter.  In  each  section,  the  original  study  is  described  in 
enough  detail  to  understand  what  must  be  taken  torn  consideration  in  the  simulation-  The 
setup  of  the  simulation  including  any  assumptions  is  depicted  and  the  results  of  the 
current  calculation  versus  the  original  results  arc  discuss.  For  completeness,  the  actual 
MCNP  input  decks  are  included  in  Appendix  D.  Comparisons  are  included  for  each 
material  wNch  has  a corresponding  tabular  photonuelear  data  set.  The  final  section  of 
the  chapter  will  summarize  the  conclusions  that  have  been  drawn  from  these  comparisons 
and  assess  the  overall  uncertaioty  atlributable  to  the  evaluated  data  and  its  use  by  the 
current  coding. 

Verirication 

Anyone  who  has  ever  writtco  even  the  simplest  piece  of  software  has  had  to  learn 
something  about  verification.  Rarely  dnesa  piece  nf  software  compile  and  run  as  it  is 
supposed  to  on  the  firat  attempt.  Typically,  it  is  necessary  to  debug  the  code  to  remove 
errors  in  implementation.  Even  if  it  does  compile  and  appear  to  run.  it  Is  wise  to  run  test 
cases  to  ensure  that  reasonable  input  conditions  give  reasonable  results.  Additionally, 
there  are  numerous  tasks  that  can  be  performed  during  the  development  cycle  of  the 
software  to  ensure  that  It  functions  as  expected. 


There  were  four  major  changes  implcmenled  within  the  existing  MCNP  code  in 
order  to  establish  the  functionality  desired  by  this  work.  The  verification  of  each  major 
change  is  discussed  separately.  This  docutnenlation  is  meant  to  provide  an  overview  of 


the  verificotion  that  was  done  without  actually  showing  all  the  details. 

The  input  routines  were  revised  in  order  to  allow  specification  of  a pholonuclear 
table  for  usebyamateiial.  As  discussed  In  the  itnplemeotaiion  chapter,  this  required 
extensive  revisions  to  the  original  coding.  The  final  iinplentemotion  was  inspected  by 
several  code  walkthroughs.  (A  code  walkthrough  is  a detailed  inspection  of  the  code 
modiricatlonsby  twoor  more  persons  to  ensure  that  revisions  m question  accurate 
implement  the  desired  functionality.)  In  addition,  the  arrays  used  to  store  the  tabular  data 
were  checked  duriog  debugging  runs  to  ensure  that  the  appropriate  data  was  stored 
correctly. 

In  addiiioo  to  these  algorithms  implemenution  within  MCNP  for  loading 
photonuclear  tables,  they  were  duplicated  within  MCNPX  for  loading  proton  tables  [55]. 
They  were  also  subjected  to  a code  walkthrough  at  that  time.  They  have  seen  active  use 
since  their  implementation  with  no  bugs  icponed. 

The  tabular  data  sampling  routines  were  revised  to  correctly  sample  emission 
paramelere  for  any  combination  of  incident  and  emitted  particle.  These  changes  been 
duplicated  m MCNPX  in  order  to  corttelly  handle  proton  tables  and  in  MCNP  for 
miscellaneous  olhcr  reasons  [S2,54,59J.  There  have  been  subjected  to  several  code 
walkthroughs  at  various  stages  in  this  work.  During  their  iniplemematiun  into  the 
distribution  version  of  MCNP,  they  were  subjected  to  extensive  verification  and  quality 


assurance  testing  [53j.  Tbey  have  been  in  active  use  by  this  prototype,  MCNPX  and 
MCNP  with  no  bugs  reported. 

The  output  tables  were  updated  to  Include  details  about  the  phutonuclear 
inieraciionsinasimulaiion.  These  changes  hove  been  subjected  to  a walkthrough,  They 
have  also  undergone  testing  via  dcbuggtng  runs  to  ensure  that  the  numbers  reported 
accurately  refiect  the  experience  of  the  simulation.  They  hove  been  in  use  throughout 
this  work  with  no  known  problems. 

The  last  major  section  of  code  revision  is  the  addition  of  the  photonuclear 
collision  routine.  This  set  of  algorithms  represents  the  keystone  of  this  work.  Similar  to 
the  other  revisions.  It  has  been  subjected  to  code  walkthroughs  and  debugging  runs.  In 
addition,  it  has  undergone  a number  of  testing  runs  to  ensure  that  it  functions 
appropriately.  These  tests  generally  check  a specific  feature.  For  example,  a simulation 
can  be  contrived  to  look  for  the  correct  attenuation  of  photons  through  a material  in  order 
to  ensure  that  the  appropriate  cross  section  is  being  used.  Another  example  Is  the  use  of  a 
thin  target  surrounded  by  tally  regions  to  check  appropriste  sampling  of  secondary 
emission  energy  and  angle.  Numerous  other  tests  were  tun  to  check  various  aspects  of 
the  functionality  [60]. 

In  addition  to  the  testing  described  above.  MCNP  has  a set  of  regression  tests 
covering  il  core  functionality.  These  tests  were  used  throughout  the  development  process 
to  ensure  that  the  new  or  revised  capabilities  did  not  damage  existing  functionality. 
Additional  regression  tests  were  added  to  check  new  hinctionality. 

Il  Is  worth  noting  here  that  verificotion  of  large  codes  is  a complicated  process. 
Inherent  interdependencies  can  be  overlooked  and  left  unchecked.  Despite  the  variety  of 


veiificaiioD  perfoimcd  during  the  developpcm  process,  s bug  was  found  in  Itie 
photonuclear  collision  rouline  very  laic  in  this  process.  It  only  affected  the  activation 
sitnuiations  discussed  in  the  foilowing  chapter  but  it  serves  as  a reminder  that  verification 
is  a long-term  effort  over  the  life  of  a software  project. 

Comparison  to  Theureticai  Yields 
Calculating  Theoretical  Yields 

During  the  lale  1970's  and  early  1980■^  there  was  general  interest  in  developing  a 
methodology  for  estimating  the  neutron  yields  at  various  research  and  medical  electron 
accelerators  for  subsequent  use  in  radiation  prolection  caiculalions.  William  Swanson, 
then  at  the  Stanford  Linear  Accelerator  Facility,  documented  a methodology  nod  reported 
neutron  yields  per  electron  incident  on  various  materials  at  selected  energies  up  to  the 
GeV  range  [31,32],  His  work  has  been  used  by  otheis  to  provide  guidance  on  neutron 
souree-term  calculations  for  electron  accelerators. 

Swanson  folded  expenmental  phoioneution  cross-section  measuicmeots  with 
calculated  photon  fluxes  to  calculate  “theoretical”  neutron  yields.  In  the  results  shown 
here,  analytical  shower  theory  is  used  to  predict  the  differential  photon  flux  for  an 
electron  of  a specified  energy  incident  on  a semi-inflmie  (a  half-space  geometry) 
material.  Experimenial  photoncutron  production  cross  sections  were  obtoined  either  as  a 
piecewise  continuous  function  or  as  a Lorentz  parameterization.  These  were  ihen 
integrated  together  by  folding  the  predicted  flux  with  the  macroscopic  cross-section  to 
calculate  Ihe  neutron  yield. 

It  is  worth  digressing  for  a moment  to  state  the  obvious.  The  use  of  analytical 
shower  theory  to  calculate  the  differential  photon  flux  can  be  replaced  by  the  use  of 
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Moate  Cario  cicctrcn-pholon  simulation.  In  fiiui.  Swanson  chucked  some  of  his 
analytical  flu*  predictions  against  the  Momc  Carlo  generated  differential  photon  fluxes  of 
Alsmillcr  and  Moran  [20]  for  a 10  radiation  length  thick  (practically  equivalent  to  semi- 
inflmite)  lead  target.  The  use  of  Monte  Carlo  to  estimate  the  photon  flux  fora  specific 
geometry  and  material  provides  a bener  estimate  of  neutron  yield  from  a real  component 
as  spatial  dependence  can  be  obtained-  However.  Swanson  was  focused  on  obtaining  a 
general  method. 

Swanson  reported  yields  for  twelve  materials  in  their  natural  elemental  state. 
Thereisacorrespondtng  evaluated  photonuclear  data  set  available  for  aluminum,  iron, 
copper,  tantalum,  tungsten  and  lead.  Each  of  these  elements  is  listed  in  Table  4- 1 with 
their  radiation  length,  density  and  the  source  of  the  photoneutron  production  cross-section 
data  used  in  calculating  the  “theoretical"  yield  as  reported  by  Swaoson.  (For  a definition 
of  the  radiation  length  along  with  the  original  source  for  Swanson's  values,  see  the  work 
by  Yung-Su(6!].) 

It  is  importaol  to  remember  that  the  error  in  these  oalcuiations  is  a function  of  the 
error  in  the  prediciion  of  the  photon  flux  and  the  etror  in  ihc  cross-section  dala.  Either 
can  have  large  influences  on  the  results.  In  Swanson's  conclusions  within  the  second 
study,  he  stales  thai  the  values  obiained  in  the  present  work  lie  as  much  as  50  percent 
below  the  original  calculations  in  ihe  energy  range  typical  for  radiation  Ihcrapy.  He  then 
goes  on  to  say  that  the  unoeitaintics  in  his  present  calculations  are  less  than  20  percent 
[32,  p-  35Tj-  This  is  meani  to  show  that  Ihe  change  in  the  approximations  used  to  obtain 
the  photon  flux  improved  the  results  but  it  also  shows  Ihc  sensitivity  of  these  calculations 
to  the  underlying  data  and  assumptions.  However,  as  his  comments  point  out.  given  the 
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Moolalbetii  ei  al.  [63] 

Dau  noimalized  lo  agree  wiUi  the  Fc/Cu  yield 
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Pb-206,7  from  Harvey  cl  al.  [68] 
Data  scaled  by  1.36  [32,  p.34S] 
^•208  from  Vevsiiere  et  aJ. 


correct  geometry  and  on  accurate  photon  flux  the  underlying  uncertainty  in  the  cross 
sections  still  leaves  a large  uncertainty  in  die  yields. 

Simulation  Setup 

Part  of  the  reason  these  calculations  were  used  as  a benchmark  was  the  simplicity 
of  the  geometry  involved.  The  neutron  yields  are  reported  on  semi-infinite  slabs. 
Swanson  refers  several  times  to  the  fiict  that  the  semi-infinite  condition  is  practically 
achieved  at  a target  thickness  of  10  lo  20  radiation  lengths.  With  this  in  mind,  the 


linear  slab  20  radiation  lengths  thick  with  the  beam  centered  such  that  it  is  20  radiation 
lengths  to  each  edge.  The  mono-energetic,  point  representation  of  the  beam  is  equivalent 
to  the  assumptions  in  the  original  work. 

The  yields  as  reported  are  for  neutron  production  only.  Neutron  transport  and 
absorption  witbb  the  material  is  not  considered.  In  order  to  match  these  numbers,  the 
value  calculated  by  the  simulation  is  taken  from  the  MCNP  neutron  creation  summary 
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table,  i.e.  the  absolute  neutron  production  per  incident  electron  excluding  absorptioo 
within  the  target  material.  A tolly  of  the  neutrons  escaping  the  sample  is  used  to 
determine  when  neutron  production  has  converged  and  also  to  estimate  the  uncertainty  in 
the  neutron  yield. 

The  yields  are  reported  for  naturally  occurring,  elemental  materials.  The  natural 
abundance  of  each  material  is  given  in  Table  4-2  along  with  the  labalar  data  used  for 
pholonucleor  and  neutron  interactions  within  the  sample.  For  many  materials,  only 
selected  isotopes  have  pholonuclear  evaluated  data  files  available.  If  this  is  the  case.  Ihc 
isotope(s)  available  was  (were)  used  by  splitting  the  missing  weight  equally  among  those 
on  band.  The  implications  of  this  practice  are  discussed  below. 

Neutron  tables  were  chosen  to  match  the  available  photonuelear  tables.  All 
isotopes  except  lantolum  had  a corresponding  LA  1 50  [40]  nentron  evaluation  covering 
the  energy  range  of  interest  up  to  1 50  MeV.  The  tantalum  evaluation  used  is  from  the 
standard  ENDF60  library  [70]  with  an  upper  energy  limit  of  20  MeV.  As  the  yields  are 


Table  4-2.  Natural  isotopic  abundance  for  elemental  target  nuterials  and  Ihcrr  isotopic 
representation  due  to  lack  of  available  tabular  data. 


Material 

Natural  Isotopic  Abundance’s 

Photonuelear  ZAIDs 
(Atomic  Abundance'sl 

nn?7.03u  (ioo%i 

Iron 

“Fe(5.8%).”Fe  (91.72%), 
”Fe(2.2%laiwl’*Fel0.28%l 

26056.03u|100%) 

"'Cii  (69. 1 7%1  and  "Cu  (30  83541 

29065.03u(l00%l 

'“*TamOI2%land'"Ta(99  988V.I  ” 

73I8l.03u(IOO%l 

Tungsteo 

"“V(0.I3%),'"W(26.3%|, 

"'W  (14.3%),  '“W  (30.67%)  and 
'•*W(28.6%1 

74l84.03u(l00%) 

Uad 

'"’Pb  (1.4%), “Tb  (24.1%), 
”’Pb  (22.1%)  and  “1’b  (52.4%) 

82206.03a  (24.5667%), 
82207.03U  (22.5667%)  and 
82208.03u(53  8666%) 

quoted  itcglectiog  oeulron  tnuitiport  end  absorption  within  the  target,  this  does  not  afTcet 
the  comparison.  Electron  tables  ore  from  the  MCNP  standard  ELI  llbratyand 
photoatomic  tables  from  MCPLTB02. 

Neutron  yields  are  tabulated  for  ten  incident  electron  energies  In  the  revised  study 
[32];  10,  15, 20, 25, 34. 50, 100, 150,  500  and  1000  MeV.  Because  MCNP4B  has  an 
upper  energy  limtl  for  the  current  electron  tables  of  100  MeV,  only  the  fust  seven 
energies  arc  used  in  this  comparison.  Huture  plans  for  the  MCNP  fiiinily  of  codes  include 
the  integrotion  of  electron  tables  covering  the  energy  range  up  lo  100  CeV  and  the 
inclusion  of  the  CEM  nuclear  physics  module  to  handle  phoionuclear  inleruchons  above 
the  range  of  tabular  data.  Additionally,  the  IAEA  photonuclear  data  library  will  include 
many  of  the  isotopes  currently  missing.  As  these  advances  are  made,  this  set  of 
calculatioos  should  be  revisited  to  complete  the  vcrificalion-valldallon  process. 

Comparison  to  Current  Calculations 

The  comparisons  between  Ihe  theoretically  derived  data  and  the  MCNP 
calculations  ore  presented  here  as  a set  of  graphical  figures.  The  error  bats  on  the 
theoretically  derived  values  are  the  20  percent  uncertainty  quoted  by  Swanson.  The 
simulations  have  been  run  until  the  relative  error  in  ibe  calculation  is  negligible.  The 
overall  uncenainty  of  the  simulation  method  and  data  Is  the  final  goal  of  this  discussion. 
Each  figure  presents  the  experimental  data  as  diamonds  connected  by  a solid  line  with 
calculated  values  represented  as  squares  connected  by  a dashed  line.  The  graphs  are 
presented  on  a log-scale  to  enable  viewing  of  the  entire  range  of  data  at  once.  It  is 
desired  that  the  reader  achieve  only  a sense  of  relative  comparison  from  the  figures  with 
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explanation  of  the  delalls  ^vcn  in  the  text.  The  MCNP  input  decks  and  the  reported  and 
calculated  values  are  available  In  Appendix  D. 

The  comparison  for  aluminum  presented  in  Figure  4-1  shows  veiy  good 
agreement  except  for  the  two  lowest  encigy  values.  Despite  using  essentially  the  same 
threshold  ene^,  there  is  a factor  of  five  difference  in  the  value  of  the  yield  at  ISMeV. 
This  may  be  explained  by  difTcrences  in  the  shape  of  the  photoneutron  cross  section  in  its 
rise  to  the  peak  value, 

Swanson’s  values  are  based  on  the  photoneutron  cross  section  as  measured  at 
Saclay  [62],  Experimental  data  from  a number  of  institutes  (62,71-73]  were  used  in  the 
evaluation  process.  However,  the  evaluated  data  do  not  include  possible  small  resonance 
in  the  rise  region  os  seen  in  the  data  from  Saclay.  The  small  resonances  are  physically 
realistic  and  these  small  changes  in  Ihis  region  may  have  loige  influences  on  yield 
calculations  for  Incident  energies  near  threshold. 

Iron  was  a very  diflicull  evaluation  as  very  little  experimenlal  data  exist  for 
guidance.  Of  the  four  naturally  occurring  iron  isotopes,  only  “Fe  is  currently  available  as 
an  evaluated  data  set.  Considering  only  ’‘Fe  is  probably  reasonable  considering  it 
represents  more  than  90  percent  of  the  elemental  composition.  However,  the  current 
calculations  over  predict  the  reported  values  by  30  to  40  pettxtnl  as  shown  In  Figure  4-2. 

The  large  difference  seen  between  the  reported  and  calculated  values  may  be 
explained  by  differences  in  the  photoneutron  cross  sections.  The  reported  values  are 
based  on  the  expenmenlal  data  ofMonlalbetti  et  al.  [63]  as  scaled  [32,  p.  355]  to  agree 
with  data  reported  by  Pnee  el  al.  [64].  The  evaluation  is  based  on  more  recent 
experimental  data  [73-76J.  This  once  again  points  out  the  need  fbr  evaluated  data  to 
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ensure  Uiat  accurale  represerlations  ore  provided  based  on  mulliplc  experimemal  daia 


Copper  shows  ver^  good  agreement  berween  the  current  calcuistions  and  the 
reported  values  of  tbe  yields.  This  is  expected  since  both  the  reported  values  and  the 
current  work  are  based  on  the  original  measurements  by  Fultz  el  al.  [65].  However. 
Figure  4-3  shows  an  increasing  discrepancy  between  the  values  a.s  the  incident  energy 


One  possible  explanation  for  the  discrepancy  between  the  current  calculation  and 
the  reported  value  is  the  lack  of  an  evaluated  “Cu  photonuclear  data  set.  One  way  to 
estimate  the  inHuence  of  the  missing  cross-section  data  is  to  examine  the  cross  sections 
for  “Cu  versus  *’Cu  versus  ™Cu.  Table  4-3  shows  the  values  for  the  integrated 
photoneutron-yield  cross  sections.  Note  that,  as  expected,  the  current  work  is  in  close 
agreement  to  the  ‘’Cu  experimenul  data  of  Fultz  el  al.  However,  It  underestimates  the 
photoneulron  production  from  natural  copper.  As  the  photon  flux  increasing,  e.g.  with 
increasing  incident  energy,  this  underestimation  will  cause  a larger  discrepancy. 


on  yield  cross-sections  for  copper. 


* Current  values  arc  based  only  on  ^’Cu,  i.e.  they  contain  no  estimation  of  the  influence  of 
"Cu. 
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There  is  vciy  good  ogreetneni,  es  shown  in  Figure  4-4,  between  the  cnlculaled  and 
reported  yields  for  tanalum.  The  slight  variations  are  most  likely  small  difterenees  in 
(Y,n)  and  (y,2n)  cross-section  shapes.  The  current  work  is  based  on  espcrimental  data 
from  i-awrence  Livermore  (79)  scaled  by  1.22  as  rcconuneoded  by  Lee  el  al.  [80].  The 
reported  yields  ore  based  on  the  esperimcnial  daa  from  Saclay  [66]  which  are  believed 
to  contain  an  error  In  the  multiplicity  (80)  which  may  account  Tor  the  slight  variations 


It  is  worth  examining  the  three  available  experimental  cross-section 
measurements,  listed  in  Table  4-4,  in  order  to  emphasize  a key  theme.  The  small  group 
of  individuals  who  perform  nuclear  data  evaluations  have  available  important  information 
that  is  not  readily  apparent  to  the  outsider.  It  is  generally  believed  that  many  of  the  early 
cross-section  measurements  at  Lawrence  Livermore  are  16  to  25  percent  too  low.  It  is 
this  kind  of  knowledge  that  is  essential  In  determining  that  the  higher  cross-section  values 
reported  in  Table  4-4  are  more  probobly  correct  and  the  Livermore  data  should  be  scaled 
upwards  to  match.  This  need  for  in-deprh  knowledge  of  the  experimental  data  is  the 
reason  evaiualed  data  exists  and  why  it  is  important  to  the  novice  to  trust  the  judgement 
of  those  who  produce  this  evaiualed  data. 


an  yield  cross-sccnons  for  tnntnltun. 
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The  calculaied  yields  under  predict  the  reported  yields  for  tungsten  ot  all  but  the 
highest  energies  shown  in  Figure  d-5.  The  difference  is  largest  near  ihreshold. 

Swanson's  reported  values  are  based  on  natural  tungsten  with  a threshold  of  6.2  MeV. 
The  current  evaluated  data  Is  only  isotopic  '**W  and  has  a threshold  of  7.5  MeV.  Bolh 
works  are  derived  from  the  original  measurements  of  Veyssiere  cl  al.  [67].  Ills 
hypothesized  that  if  the  remaining  isolopes,  comprising  70  alomic  percent,  of  tungsten 
were  included  the  agreement  would  be  closer. 

Tbe  cross  sections  for  lead  have  been  reanalyzed  since  the  Swanson  study  was 
concluded.  Based  on  an  analysis  performed  by  Berman  cial.  [81].  the  Livetmoro 
measurements  of  Harvey  et  ah  [68]  are  believed  to  be  loo  low  by  a factor  of  1.22,  not 
1.36  as  was  proposed  by  Fuller  [32,  p.  385].  Berman  et  al.  also  suggested  the  Saclay 
measurement  [69]  of  ^°‘Pb  was  loo  high  and  should  be  scaled  down  by  a factor  of  0.93. 
Keeping  these  differences  in  mind,  Figure  4-6  shows  accepiable  agreement  between  the 
calculated  and  reported  values  for  lead. 

Comparison  to  Measured  Yields 

Es  peri  mental  Setup 

In  an  experiment  by  Barber  and  George  [58],  an  electron  beam  was  impinged  on  a 
variety  of  targets  at  various  energies  and  ihe  absolute  yield  of  neutrons  per  electron  was 
measured.  The  lurgets  were  composed  of  elemental  materials  of  varying  thickness 
including  Al,  Cu.Taand  Pb.  Il  is  a lesiamem  lo  ihe  diligence  In  making  and  reporting 
these  measurements  lhai  they  have  been  cited  within  the  literature  more  than  25  limes, 
including  Swanson  in  his  study  described  above.  Their  results  are  worthy  of  use  as 
benchmarks  and  ideal  for  benchmariemg  the  current  methodology  and  data. 
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The  Barber  and  George  measuremenU  were  made  at  the  Stanford  Linear 
Accelerator  Facility  (SLAC).  The  measurements  are  of  use  primarily  due  to  the  core  that 
was  taken  both  In  making  the  measurements  and  in  documenting  how  they  were  made. 
The  Mark  H linear  accelerator  offered  a well  characterized  electron  beam.  The  SLAC 
facility  presented  a carelully  controlled  environment  in  which  to  make  the  measurements. 
The  parameters  of  interest  in  representing  the  experiment  as  reported  in  the  original  paper 
are  discussed  below.  Experimentalist  please  lake  note,  these  arc  the  issues  that  must  be 
addressed  when  defining  a benchmark. 

A diagram  of  the  experimental  layout  is  shown  in  Figure  4-7.  The  electron  beam 
leaving  the  Mark  II  linear  accelerator  is  collimated  to  a diameter  of  D.  187  inches.  This 
collimaied  diameter  translates  to  a 0.5  inch  beam  diameter  at  the  target  location  for  a 
norainalcnergy  of  30MeV.  No  information  is  provided  on  the  variation  in  spot  size  with 
beam  energy  and  it  is  shown  to  be  negligible  by  later  simulations.  After  leaving  the 
collimator,  the  beam  travels  through  the  first  of  two  identical  30-degrec  deflecting 
mngnets.  These  magnets  translate  Ihe  main  axis  of  (he  beam  in  oiderto  reduce  the 
background  radiation  escaping  through  the  shielding  wall. 

The  energy  of  the  beam  was  variable  over  the  range  10  to  36  Me  V,  The  absolute 
energy  was  estimated  to  be  calibrated  to  within  2 perceol  error  by  measurements  using 
the  photonuclear  thresholds  ofdeuteriura.  oxygen  and  copper.  The  energy  spread  is 
controlled  by  the  two  variable-slit  collimators  located  between  Ihe  two  deflecting 
magnets.  An  energy  spread  of  AEo/Eo  equal  2 percent  wus  used  throughout  the 
experiment  as  set  by  the  slit  collimators. 
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The  final  beam  pammelcr  needed  for  obtaining  absolute  neutrou  yielda  is  the 
number  of  electrons  per  beam  pulse.  Barber  had  previously  validated  a method  for 
determining  this  pammcicr  (82).  An  ionization  chamber  is  located  just  before  the 
experimental  apparatus.  Il  consisted  of  0.005  inches  of  Mylar  comprisuig  two  windows 
and  an  8 inch  thick  chamber  through  which  hydrogen  flowed  at  one  atmosphere  of 
pressure.  The  response  of  the  ionrealion  chamber  to  the  beam  curreni  had  been  well 
determined  in  the  previous  study.  For  this  set  of  yield  measurements,  it  was  recalibrated 
at  a few  energy  points  by  comparison  with  a Faraday-cup  monitor.  No  estimate  was 
given  on  the  uncertainty  in  the  electron  beam  Imcnaiiy. 

After  transiting  the  ionization  chamber,  the  electrons  passed  into  a Lucite  vacuum 
chamber  and  stmek  the  target  material.  The  chamber  was  8 inches  in  diameter  and  19 
inches  long.  There  were  two  target  locations  although  the  exact  position  of  either  is  not 
reported  nor  the  position  used  for  each  specifie  measurement.  Lucite  was  chosen  as  the 
vacuum-chamber  wall  material  because  its  constiniems  have  high  pholonuclcar 
thresholds  and  low  neutron  produenon  cross-sections.  A target  size  of  4.5  inches  square 
was  chosen  to  ensure  that  even  electrons  that  underwent  multiple  scattering  in  the 
ionization  chamber  would  still  strike  the  target.  The  only  Important  point  not  discussed 
in  the  paper  is  jfmeasuiemeais  were  made  to  determine  the  background  level,  he.  the 
neutron  count  tale  with  the  electron  beam  and  no  target  present.  The  comparisons  to 
simulations  seem  to  indicate  background  levels  were  considered. 

The  absolute  yield  was  measured  by  surrounding  the  target  in  a large  poraft'in- 
moderator  box.  The  32  inch  square  box  extended  19  inches  along  the  beam  axis. 
Moderated  neutrons  were  detected  by  two  enriched  BFi  proportional  coumers  extending 


ihelengibortheboximd  loaned  symmetrically  about  the  target  cbembcr.  Background 
due  to  oeulmns  produced  outside  of  Ibis  box  was  reduced  by  cladding  the  box  with  a thin 
layer  of  boron  carbide  and  an  outside  layer  of  paraftiii  8 inches  thick.  Again,  it  is  nor 
discussed  if  a measuremcm  was  made  to  determine  the  background  counting  level  and  if 
it  was  accounted  for  in  the  reported  data. 

The  absolute  counting  efficiency  of  the  neutron  box  assembly  was  determined 
with  a RaBc  neutron  source  and  verified  with  measurements  on  photonuclcar  production 
in  heavy  water.  For  the  RaBe  source,  an  efficiency  of  (0.92±0.03)  pereeni  was  observed. 
The  D(y,  n)H  reaction  presents  a system  in  which  Ihc  neutron  yield  could  be  calculated 
with  reasonable  accuracy.  Using  the  efficiency  determined  &om  the  RaBe  source, 
comparison  of  the  calculated  versus  the  measured  yields  for  the  heavy-water  system 
agreed  within  the  limits  of  the  relevant  uncertainties. 

The  electron  beam  delivers  an  intense  photon  pulse  that  temporarily  overloads  the 
counting  apporanis.  To  eounler  Ibis  effect,  the  scaling  circuits  are  gated  off  for  7.5 
microseconds  following  the  beam  pulse  to  allow  the  associated  circuitry  to  recover  from 
the  large  pile-up.  Since  the  lifetime  of  thermal  ncurrons  in  Ihe  paraffin  is  much  longer 
than  this  period,  this  method  is  estimated  to  introduce  minimal  error  (less  than  three 
percent),  ll  wa.s  fiirther  necessary  to  limit  the  beam  intensity  for  the  hi^-Z  materials  in 
order  lo  maintain  this  same  gating  time,  ft  is  not  repotted  whoi  cBect  changing  the  beam 
intensity  might  have,  if  any.  on  the  other  paramerers. 

Barber  and  George  cslimaie  the  uncertainty  of  their  results  using  the  experimental 
apparatus  described  above  lobe  15  percent.  Table  4-5  lists  the  cxperhnenial  parameters 
of  interest  for  the  subset  ofexperimenrs  that  could  be  modeled  using  the  evaluated  data 


Table  4-5.  Targets  and  essential  expcrimcmal  parameters  are  given  as  used  to  simulate 
the  experiments  of  Barber  and  Gcoige  (19S9). 


22.2. 28.3  and  34.3 


10.3,  18.7,  28.3  and  34.3 


18.7, 28.3  and  34.5 


available  at  this  time.  In  general,  the  portion  of  ibe  target  identifier,  eg.  Al-I.  after  the 
dash  indicates  the  approximate  thickness  of  the  target  in  units  of  radiation  length.  As 
their  results  were  presented  as  a series  of  graphical  figures,  it  was  necessary  to  digidze 
and  estimate  the  value  of  both  the  yield  and  energy  for  each  point  of  interest. 

Simulation  Setup 

The  simulation  of  the  experiment  was  able  to  simplify  the  layout  because  of  the 
design  of  the  experiment  and  the  way  in  which  the  yields  were  reported.  With  the 
information  available,  it  was  only  necessary  to  model  the  electron  beam  incident  on  the 
target  material  and  tally  the  neutrons  cxiNng  the  target  boundaries.  All  other 
complications  have  been  estimated  by  the  original  authors.  Thus  a total  neutron  yield,  i.e. 
the  number  of  neutrons  escaping  the  target,  per  incident  electron  can  be  computed  using 
the  simplified  schcntalic  shown  in  Figure  4-8. 
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The  electrOD  bcain  model  was  fvxthersInipUned  to  reduce  complicanons  In  ihe 
Input  specificanons.  The  relationship  of  the  beam  parameiens,  I.e.  how  Ihe  energy  varied 
as  a fiincrion  of  radius  in  Ihe  beam  and  its  subsequent  angular  distribution,  was  not 
documented.  The  beam  was  therefore  modeled  as  a mono*encrgeHc.  perpendicularly 
incident  source  directly  on  the  target. 

An  estimate  of  how  much  a variation  io  energy  could  effect  the  results  was  made 
by  adjusting  the  absolute  energy  of  the  beam.  A one  radiation  chick  canlalum  target  with 
a 2S.3  MeV  electron  beam  perpendicularly  incident  was  used  as  a baseiine  for  such 
changes.  The  results  are  presented  in  Figure  4-9.  As  the  beam  spread  should  be 
Gaussian  about  the  mean,  the  net  effect  of  the  energy  tails  should  cancel  out.  This 
estimate  also  serves  as  a predictor  for  uncertainties  due  to  passible  inaccurate  reporting  of 
the  absolute  value  of  the  energy. 

Deviations  in  angle  are  more  difficuit  to  estimate.  One  method  is  to  look  at 
changes  in  target  thickness.  This  was  done  for  Ibe  baseline  case  as  described  above  and 
Figure  4-9  shows  that  possible  deviations  In  thickness  are  not  negligible.  Deviations  in 
incident  angle  of  1 , 2. 3 and  5 degrees  result  in  changes  in  apparent  thickness  of  1 .7. 3.S, 
5.2  and  8.7  percent,  respectively.  However,  since  these  parameters  ore  undocumented  it 
is  believed  that  a mono-energclic  beam  is  adequate  for  the  level  of  accuracy  desired  and 
that  the  cnor  induced  by  variations  in  the  beam  should  be  considered  as  represented  in 
the  experimental  uncenaimy.  As  a last  note,  variations  horn  a beam  radius  of  0.25  Inches 
were  considered  and  shown  to  have  negligible  impact. 

Similar  to  the  simulations  used  for  comparison  to  the  Swanson  study,  the 
materials  with  more  lhan  one  isotope  in  the  natural  elemental  form  had  to  be  rcprcscoted 
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with  the  evaluarions  avollable.  Table  4-2  shows  Ihe  exaci  deulls  of  which  evaluations 
were  used  for  each  target  material.  ImplioatioDS  of  these  substitutions  will  be  discussed 
in  the  comparison  section. 

There  are  several  other  points  worth  mentioning  about  the  simulations.  The 
photonuclear  threshold  marks  the  lowest  energy  photon  that  could  produce  a neutron.  It 
Is  therefore  unnecessary  to  track  either  photons  or  electrons  helow  this  energy.  Further, 
forced  collisions  can  be  turned  on  io  the  target  material  such  that  every  photon  traversing 
the  target  undergoes  at  least  one  collision.  Photonuclear  biasing  con  be  used  to  force  a 
contribution  to  photonuclear  interaction  from  each  collision.  This  combination  of 
iccluilques  allows  the  relative  enorofthe  calculated  yield  to  be  minimized  using  run 
limes  of  approximately  10  to  50  minutes  on  a single  processor  of  an  OriginlOOO  system. 
Note  that  the  relative  error  is  a measure  of  the  precision  of  the  calculation,  not  the 
accuracy  of  the  simulation.  The  MCNP  mput  decks  as  well  as  Ihe  reported  and  calculated 
yield  values  are  listed  in  Appendix  D. 

Comparison  to  Current  Calculations 

The  comparisons  between  Ihe  experimental  data  and  the  calculations  are 
presented  here  as  a set  of  graphical  figures.  The  error  bars  on  the  experimental  values  are 
Ihe  IS  percent  uncertainty  quoted  by  Barber  and  George.  The  calculated  yield  values  are 
taken  directly  from  the  relevant  MCNP  output  deck.  The  relative  error  from  ihe 
calculation  is  negligible.  The  uncertainty  in  the  simulations  will  be  discussed  in  the 
conclusions.  Each  figure  presents  Ihe  expenmental  data  as  diamonds  connecied  by  a 
solid  line  with  cojculaled  values  represented  us  squares  connected  by  a dashed  line. 


104 

The  comparUoD  of  ihc  experimealal  venus  caloilaled  yield  for  aluminum  is 
shown  in  Figure  4-10.  The  agreemeni  shown  is  reasonably  good  although  It  is  uniformly 
low  by  about  20  percent.  As  the  Hrst  data  point  is  at  22  MeV,  these  dau  support  no 
further  conclusions  about  possible  changes  needed  in  the  threshold  to  peak  region  of  the 
cross  section  suggested  by  the  comparison  to  Swanson's  yield  values. 

The  comparison  of  the  experimental  versus  calculated  yield  for  the  four  thickness' 
ofcopper  ore  shown  in  Figures  4-11  through  4-14.  All  four  comparisons  show  similar 
results.  They  show  good  overall  agreement  with  the  experimental  results,  within  1 5 to  2S 
percent.  As  discussed  above,  the  elemental  copper  has  been  represented  by  isotopic  Cu. 
The  addition  048*^00  evaluated  data  set  will  improve  the  agreement,  probably  by  Rve 
percent  overall,  and  also  improve  the  match  of  the  shape. 

The  comparison  of  the  experimental  versus  calculated  yield  for  lanlalum  shows 
excellent  overall  agreement  As  seen  in  Figure  4-lS.  Ihe  msults  for  the  region  away  from 
threshold  ore  almost  identical.  However,  the  calculated  value  at  10  MeV  la  an  order  of 
magnitude  too  low.  As  the  threshold  eoergy  is  believed  correct  this  raises  the  possibility 
that  the  values  of  Ihc  cress  section  between  threshold  and  the  GDR  peak  needs  to  be 
increased. 

The  comparison  of  the  experimental  versus  calculated  yield  for  all  live  thickness' 
of  lead  are  shown  in  Figures  4-16  through  4-20.  The  results  are  consistent  for  all  live 
ihicknes.s'.  The  calculations  ore  generally  20  pereem  lower  than  the  cipcrimenlal  yields. 
This  is  acceptable  agreement 
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Conclusions  froni  Verillcalion  and  Validation 

It  has  been  shown  that  the  current  evaluated  data  and  the  new  photonucleai 
interaction  coding  provide  reasonable  results  for  simulating  neutron  production  from 
materials  for  which  an  evaluated  data  set  exists.  Most  iinponam  to  the  current  work, 
these  comparisons  have  covered  the  prominent  target,  filter  and  shielding  materials  used 
in  medical  electron  accelerators.  The  overall  uncertainty  in  the  evaluated  data  is 
estimated  to  be  less  than  25  percent. 

As  a last  note  b reference  to  Swanson's  theoretical  yields,  these  comparisons  ate 
considered  something  more  than  simple  verification  but  not  quite  true  validation.  Good 
agrcemeoi  is  seen  between  mostoftbe  data  sets  but  those  are  typically  based  on  the  same 
underlying  esperimental  data.  It  is  worth  noting  that  analytical  shower  theory  and  Monte 
Carlo  elcctron-phoion  transport  appear  to  provide  similar  results.  This  argues  that  the 
neutron  production  is  not  highly  sensitive  to  the  photon  production  mechanism. 

The  evaluated  photonuclear  data  library,  like  all  other  nuclear  data  libraries,  will 
evolve  as  practical  experience  using  the  data  feeds  back  into  the  evaluations.  This  will  be 
a long  process.  The  first  part  of  this  process  should  involve  will  be  the  fiinher  validation 
of  the  evaluated  photonuclear  data  as  it  becomes  available.  Hopefully,  the  ability  to 
simulate  this  class  of  problems  will  encourage  experimcnla  worthy  of  becoming 
benchmarks. 

To  repeal  this  theme,  validation  data  for  the  purposes  of  photonuclear  physics  is 
sorely  lacking.  Only  aluminum,  copper,  tantalum  and  lead  have  been  directly  validoied 
against  true  integral  experimental  data.  The  remainder  of  the  evaluaied  data  are 
'Validated"  only  in  the  sense  that  they  were  created  through  the  same  process  and  have 
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derived  from  the  best  kitown  cross-section  measurements.  This  also  elucidates  the  point 
that  further  measurements  of  photonuclear  cross  sections  will  be  necessary  for  isotopes 
previously  not  measured  or  with  multiple  measurements  that  disagree. 

It  should  also  be  noted  that  only  the  photoneutron  yields  are  directly  validated  by 
the  simulations  above.  Emlssiort  characteristica,  the  encigy  and  angle  of  the  secondary 
particles,  are  only  validated  in  the  sense  that  GNASH  [41)  has  a long  standing,  well- 
validated  ability  to  produce  such  data.  Expenmeiits  measuring  energy  and  angle  spectra 
are  needed. 

Last,  It  is  recommended  that  once  this  ability  is  made  generally  available,  each 
user  community  perform  its  own  experiments  to  validate  the  data  and  code  for  their  class 
of  problem.  This  sei  of  validation  activities  shown  above  has  set  an  uncertainty  only  on 
the  use  of  this  data  and  coding  for  the  calculation  of  neutron  yields  for  simple  geometries 
and  materials  which  have  photonuclear  evaluated  data  available.  Simulations  Involving 
production  and  transport  through  comptex  physical  geometries  und  containing  maierials 
forwhich  evaluated  data  may  not  be  available  will  be  considerably  more  difficuil.  Ills 
incumbent  on  the  user  performing  such  work  to  understand  the  uncertainties  of  their 
specific  simulation. 


CHAPTER  5 

APPLICATION;  SIMULATION  OF  A MEDICAL  ELECTRON  ACCELERATOR 
Introductliin 

II  is  now  time  lo  remember  Ihet  the  ariglnal  motivation  for  ibis  work  was  the 
enhanced  understanding  of  the  radiation  environment  in  the  vicinity  of  a medical  electron 
accelerator  (MEA).  To  this  end,  this  chapter  will  discuss  the  previously  available  ability 
lo  simuble  elcctron'pbotoo  transport  within  a MEA  and  the  extension  of  this  ability  by 
the  current  work  to  include  photonuclear  physics  and  simulate  electron-photon-neutron 
transport.  Two  major  sections  arc  piesenled. 

The  Erst  section  demonstrates  the  ability  lo  simulate  eleciron-pholon  and 
clcctron'pholon-neutron  environments  by  comparison  to  experimenlal  data.  The  data 
were  obtained  from  measurements  around  Ihe  Phillips  SL  Series  MEA  located  in 
Treatment  Room  5 of  the  Shands  Cancer  Center  (SCC)  at  the  University  of  Florida  (UF). 
The  validation  is  further  divided  lo  cover  the  electron-photon  model  and  the  electron- 
phoion-nculron  model.  Once  the  simulation  model  has  been  validatetL  it  can  then  be 
used  to  investigate  the  interesting  a^cts  of  the  radiation  environment. 

The  second  section  of  this  chapter  explores  two  questions  of  interest  for  MEAs  in 
general.  The  Erst  question  of  major  importance  is  the  determination  of  the  dose, 
particularly  the  neutron  dose,  to  the  patients  and  wooers  in  the  vicinity  of  the  machine. 
The  second  question  Is  the  effect  of  Increasing  electron  energy  on  the  relative  neutron  lo 
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photon  dose.  Within  both  of  these  discussions,  some  hindamentsi  lessons  learned  are 
highlighted  and  several  issues  suitable  for  future  work  are  proposed. 

Validating  the  Simulation 

Background 

A computer  model  may  generally  be  denned  as  the  virtual  world  necessary  to 
adequately  simulate  the  corresponding  real  world.  The  virtual  world  is  never  an  exact 
reproduction  of  reality  but  instead  attempts  to  capture  the  essential  details.  The  major 
items  necessary  for  radiation  transport  simulations  are  represemiDg  the  physical 
environment,  providing  transport  data  for  the  constiruenl  materials,  describing  the  initial 
radiation  source,  implemenling  the  transport  algorithms  to  propagate  the  radiation  source 
and  obtaining  the  resuham  output  inforntation.  It  is  worth  digressing  for  a moment  to 
discuss  in  general  terms  what  is  imponsnt  to  each  of  these  tasks  and  why. 

Physical  geometry.  A standard  MEA  treatment  room  is  an  extremely  complex 
physical  space.  First  and  foremost  of  concern  to  the  siraulatioii  Is  die  electron  accelerator 
itself.  This  is  typically  a linear  accelerator  or  a cyclotron  consisting  of  a few  thousand 
potiods  of  meticulously  engineered  ports  designed  to  deliver  an  intense  radiation  field  to  a 
precise  location.  The  bulk  of  this  equipment  is  usually  located  within  the  treatmeot  room 
in  a machine  closet  such  that  only  the  treatment  head  is  visible  in  Ihe  main  room.  To 
further  complicate  matters.  M£As  are  often  designed  with  treatment  heads  capable  of 
delivering  either  electron  or  photon  fields  at  muiliple  energy  levels  and  involving 
extremely  complex  parts.  Finally,  the  as-installcd  configuration  can  include  changes 
from  the  original  specillcalions  for  particular  needs  including  increased  shielding. 
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SunoundiDg  the  MEA  Is  Ibe  msDiicQt  room  itself.  It  serves  two  essential 
purposes.  First,  it  is  there  to  contain  the  radiation  for  the  protection  of  those  in  the 
vieini^.  Second,  it  provides  an  esthetically-soothing,  working  environment  in  which  to 
treat  cancer  patients.  For  the  purpose  of  shielding  the  radiarion,  these  rooms  ate  typically 
constructed  as  concrete  vaults  ihou^  in  some  cases  other  shielding  material  may  be  used. 
For  the  purpose  ofereating  a working  space,  they  are  typically  ruiished  with  wall-board, 
drop  ceilings,  carpeting,  cabinetry,  instrumentation  and  associated  miscellaneous  items 
typical  of  a clinical  environment. 

For  the  goal  ofsimulatiiig  the  cicctron-pbolon  dose  to  a patient.  It  Is  only 
necessary  to  include  detailed  modeling  of  the  MEA  ceatment  head.  Specifically  this 
would  Include  the  electron  target  or  scattering  foil  and  all  materials  In  the  immediate 
vicinity  of  the  subsequent  beam  path.  In  the  typical  electron-photon  simulation,  e g. 
[83,84],  only  the  target,  collimators,  filters  and  associated  items  are  modeled. 

Jumping  slightly  ahead,  a typical  dose  calculation  that  uses  a complete  room 
model  in  addition  to  the  treatment  head  model  gives  the  following  characteristic  results. 
The  electron-photon  dose  to  the  patient  from  a typical  treatment  using  a Phillips  SL 
Scries  MEA  in  the  high-energy  photon  mode  consists  of  the  following  sources: 
approximately  80  percent  directly  from  photons  produced  in  the  electron  ta^et: 
appruximately  15  percent  from  photons  produced  orsconcred  in  the  EIrcrs  and  other 
materials  in  the  beam  path;  approximately  four  percent  from  photons  produced  or 
scattered  in  the  collimators;  and  less  dian  one  percent  from  room  rerun  and  other 
sources.  Hence,  there  isjustification  for  ignoring  anylhiog  very  far  outside  of  the 
electron-photon  beam  path  for  most  electron-photon  dose  calculanons. 


121 

Siimilating  elactron*photon‘neutron  transpon  makes  life  much  more  difficuU. 
Neutrons  are  notorious  in  the  world  of  health  physics  for  their  ability  to  penetrate 
materials  either  directly  or  by  fuidiog  streamiog  paths.  In  practical  terms,  this  mcaius  that 
the  exact  geometry  of  the  MEA  and  the  room  are  nccessiuy  for  accurately  representing 
the  simulation  environment.  With  their  ability  to  scaner,  any  path  between  the  neutron 
production  site  and  the  patient  or  worker  is  a concern.  However,  even  if  complete 
shielding  coverage  could  be  achieved,  their  penetrating  ability  ensures  that  some  level  of 
neutron  radiation  will  always  be  present. 

Again,  it  is  important  to  consider  some  characteristic  results  from  later 
simulations  here  in  order  to  set  an  appropriate  frame  of  mind.  The  neutron  dose  for  two 
standard  photon  Eeld  sizes,  Sx5  and  30x30  sq.  cm.  respectively,  consists  of  the  following 
sourecs:  approximately  56-36  percent  from  room  return;  approximately  16-44  pcreeni 
from  neutrons  produced  or  scanered  In  the  primary  collimator:  approximately  21-12 
petceni  from  neutrons  produced  or  scattered  in  the  secondary  collimators:  and  the 
remainder  from  neutrons  produced  or  scattered  at  other  locations  in  the  trcatmeni  head. 
Hence,  foran  accurate  simulation  It  is  necessary  to  account  for  the  placement  of 
practically  all  the  material  around  the  treauneni  head  and  most  of  the  material  in  Ihc  room 
itself. 

Transport  data.  Once  the  extent  of  the  physical  space  is  known,  it  is  necessary 
to  provide  transpon  data  for  each  matenal  (bund  in  the  geometry.  Transpon  data  are 
defined  here  as  tabulated  listings  of  interaction  probabilities,  i.e.  reaction  cross  sechons. 
and  Ihc  emission  spectra  for  the  resultant  porricles  suitable  for  use  io  Monte  Carlo 
transport  algorithms.  For  traditional  MCNP  simulations,  these  data  are  available  by 
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element  for  incident  electrons  and  photons  and  by  isotope  for  incident  neutrons.  Note 
that  the  photon  data  to  date  has  only  Included  photoatomic  interactions.  The  current 
work  has  integrated  photonudear  data,  by  isotope.  Into  this  mix. 

Electron  and  photoatomic  transport  data  exist  as  a complete  Mbtaiy  for  the 
elemenls  from  hydrogen  to  pluionitini  (Z  equal  1 lo94)  in  the  standard  MCNP 
distribution.  Photoatomic  data  are  provided  over  the  incident  energy  range  from  I keV  to 
100  CeV  [8S|  and  electron  data  over  the  Incident  energy  range  iiom  I keV  to  100  MeV. 
This  means  that  electron*pholon  problems  can  be  simulated  for  any  typical  condition 
found  in  a MEA  trcalment  room.  The  exclusion  of  photonudear  data  from  photon 
Interactions  was  found  to  make  no  significant  difference  in  the  electron-photon  portion  of 
the  dose  calculated  for  a typical  treatment  plan. 

Neutron  and  photonudear  transport  data  exist  for  a limited  selection  of  isoK^es 
and  over  a varying  range  of  incident  energies.  In  the  case  of  neutron  data,  the  coverage 
of  isotopes  Is  nearly  complete  in  the  incident  energy  range  up  to  20  MeV.  There  are 
some  signifleani  isotopes  missing,  e g.  any  germanium  Isotope.  There  are  also  some 
materials  which  arc  represented  as  average  "elemenlal"daia  rather  than  by  individual 
isotope,  e.g.  magnesium.  However,  most  of  the  major  isotopes  have  neutron  data 
available.  Uofortunaiely.  at  this  time  photonudear  data  exist  fora  veiy  limited  set  of 
isotopes. 

In  a practical  sense,  this  means  that  neutron  and  photonudear  simulations  must 
make  approximations  in  their  represeoialion  of  materials.  Often  this  is  trivial.  Pot 
example,  splitting  the  0.13  atom  percent  of  tungsten- 1 80  among  the  other  four  isotopic 
data  sets  to  represent  elemental  tungsten  introduces  negligible  error  into  most 
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sinujlations.  However,  serious  error  can  occur  when  the  missing  constituent  is  mom 
significant,  e.g.  the  lack  of  a germanium  data  set  to  simulate  neutron  transport  in  a 
germanium  detector.  The  problem  of  missing  isotopes  will  ploy  a significant  role  in 
simulations  requiring  photonuclear  data  until  such  time  as  the  evaluation  of  the  major 
isott^es  is  completed. 

Radiation  Source,  Radiation  transport  starts  from  the  cieation.  either  artificially 
or  naturally,  of  a radiation  source.  For  a MEA  operating  in  a photon  mode,  the  radiation 
source  is  electrons  which  have  been  accelerated  and  directed  onto  a convener  to  produce 
bremsstrahlung  photons.  The  final  spatlal-directional-eoergy  disiribunon  oflhe  electrons 
incident  on  the  target  is  system  dependent.  In  most  simulations,  the  linai  dose  is  not 
sensitive  to  the  eitaci  distribution  of  electrons  and  a simplified  description  is  acceptable. 

A typical  simulation  uses  a mono-energetic  beam,  perpendicularly  incident  on  a 
point  on  the  target.  This  seems  to  be  a fair  approximation  io  the  sense  that  it  gives 
reasonable  results.  It  can  be  improved  by  uniformly  distributing  the  electrons  over  a spot 
miher  than  a point  and  by  spreading  the  Incident  energy  over  a Gaussian  distribution 
though  these  are  expected  to  be  rather  modest  gains  in  sccuracy.  To  dale,  the  author  has 
not  seen  any  work  which  methodically  documents  the  effects  of  the  variations  in  the 
incident  electron  beam  distribution. 

Because  detailed  electron-photon  transport  isdifficull  and  time  consuming  over 
long  distances,  the  radiation  source  is  typically  recomputed  one  or  more  times  at 
inlermediale  locations  in  the  geometry.  Specifically,  the  upper  scciioo  of  tbe  treatment 
head  geometry  is  fixed  for  a ireatxnenl  modality.  One  initial  simulation  of  this 
immovable  perticn  of  the  treatment  head  can  be  used  to  create  a phase-space  file 
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of  the  radiation  field  passing  through  a plane  just  ^ove  the  Rial  movable  object.  The 
phase-space  file  can  be  used  as  the  radiation  source  for  subsequent  tiansport  simulations 
though  theremainderofthe geometry.  Obviously,  this  step  can  be  repealed.  Sinecthcre 
is  typically  only  minor  feedback  from  changing  the  lower  geometry,  this  approach  can 
save  asigniiicanl  amount  of  time  while  introducing  relatively  minimal  errors. 

Transport  algorilhnis.  Once  the  radiation  source  is  determined  and  the  physical 
world  has  been  represented,  the  next  step  Is  to  transport  the  radiation  through  the 
geometry.  For  neutral  particle  transpott  e g.  of  neutrons  and  photons,  the  Monte  Carlo 
algorithms  necessary  to  sample  continuous-energy  transport  data  are  straight  forward  and 
well  established.  However,  the  algorithms  used  for  charged-particle  transport,  e.g.  of 
electrons,  ore  a subject  area  still  undergoing  significant  jmprovemcots. 

Around  this  mix  of  transport  algorithms,  it  is  necessary  to  have  a framework  to 
handle  all  the  other  details.  As  the  radiation  propagates  through  the  geometry,  it  is 
necessary  to  update  the  transport  data  for  its  current  location.  The  distribution  of 
sampling  must  be  monitored  to  ensure  that  the  phase  space  of  the  problem  has  been 
adequately  covered.  Summary  information  should  be  collected  for  later  presentation. 
Error  states  shoutd  be  checked  and  appropriate  warnings  issued  All  of  this  should  be  as 
tightly  coupled  os  possible. 

It  is  generally  accepted  that  separating  portions  of  the  transport  tends  to  introduce 
error  into  the  simulation.  The  only  way  to  ovoid  these  crroia  is  to  pass  the  next  ponion  of 
the  simulation  a complete  description  of  the  necessary  informatjoa  In  the  case  described 
above  where  thegeometiy  is  separated,  the  phase-space  file  must  contain  as  accurate  as 
possible  a description  of  the  radiation  source  propagating  into  the  subsequent  geometry. 


Thisuincsiniauoueiusu  for  coupling  the  cnuispcn  algorilhms.  It  is  desirable  to  have 
one  frameworit  which  includes  the  ncccssaiy  components  to  handle  electron,  photon  and 
neutron  transport. 

Obtaining  output.  The  best  simulation  model  in  the  world  still  has  to  be  able  to 
present  the  results  in  a reasonable  manner.  Iftbe  desired  informatloD  Is  ool  conveyed  to 
the  user,  or  it  is  conveyed  in  a misleading  manner,  the  simulation  has  not  finished  its 
work.  The  ideal  would  be  to  have  all  the  details  of  everything  that  influenced  the 
simulation  available.  Forotample,  it  might  be  useful  to  know  the  energy  distribution  of 
the  photon  flux  as  a fiioction  of  spatial  position  overall  locations.  In  practice,  the 
Infomation  available  is  typically  constrained  by  the  amount  of  memory  and  time 
available  to  track  these  derails.  For  the  example,  it  might  be  enough  to  known  the  energy 
disoibutiun  of  the  photon  flux  within  a cell  or  at  a point  A fine  balance  is  needed. 

It  is  these  five  issues  that  must  be  kept  stjuarely  in  mind  when  evaluating  a 
radiation  transport  simulation.  Understanding  of  these  Issues  will  lead  to  more  thorough 
comprehension  of  how  the  simulation  relates  to  the  physical  world.  Only  with  adequate 
depth  of  knowledge  can  extrapolations  be  made  hack  into  the  physical  world. 

Experimental  Setup 

The  experimental  dala  were  obtained  from  the  Phillips  SL  Series  MEA  in 
Treatment  Room  5 of  the  Shands  Cancer  Center  at  the  University  of  Florida.  Two  sets  of 
experimental  data  were  desired.  The  data  desired  and  the  basics  of  how  they  were 
obtained  are  discussed  in  general  here.  Mom  details  are  provided  in  the  following  section 
as  they  relate  to  what  was  modeled  in  the  simulation. 
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The  layout  of  the  treatneol  room  is  shown  in  Figure  S*l.  The  MEA  treatment 
head  is  positioned  as  indicated  and  mounted  on  an  extension  such  that  it  can  rotate  about 
a fixed  point  io  space.  That  point  is  known  as  iaocenler  and  is  located  on  the  center-line 
axis  ofihe  treatment  head  100  cm  source-lo-sucfacc  distance  (SSD)  from  the  election 
target.  The  room  contains  a set  of  laser  lights  that  are  aligned  in  the  in-plane  (wall  to 
treatment  head)  and  cross-plane  (parallel  to  the  maze)  directions  at  the  correct  height 
such  that  they  cross  at  isocenter.  A mirror  and  light  system  can  also  project  through  the 
iieatment  head  to  indicate  the  SSD  of  an  object  In  the  beam  path. 

As  part  ofihe  caMbration  of  die  MEA  unit,  a set  of  depth  dose  curves  are  taken. 
This  procedure  uses  a 48x40x40  cm  (width  x depth  x height)  Lucitc  tank  with  1 cm  thick 
walisfilled  with  water.  The  lank  is  placed  such  that  ills  centered  directly  below  the 
treatment  head  and  the  surface  ofthc  water  is  100  cm  from  the  eleclron  target  (100  cm 
SSD,  source  to  surface  distance).  A depth  dose  curve  is  the  relative  dose  at  each  point 
along  the  centml  axis  in  the  woter  tank  starting  from  isocenter. 

The  relative  dose  is  measured  by  use  of  an  ion  chamber  and  a positioning  system. 
An  Ion  Chamber  IC  10  connected  to  an  Electrometer  WP  5006  current  monitor  was  used 
In  this  experiment.  A WP600  Controller  Is  used  to  control  the  position  of  the  ion 
chamber  and  relay  the  posiHon  and  current  to  a standard  PC  computer.  The  current  and 
position  information  is  stored  to  disk  along  with  the  details  of  the  treatment  mode,  e.g. 
energy  setting  and  collimator  opening.  A set  nf  depth  dose  curves  for  photon  field  sizes 
ofSx5sq.  cm..  10x10  sq.  cm.  and  30x30  sq.  cm.  with  the  machine  in  the  high-energy 
photon  mode  were  obtained  in  this  manner  The  incident  energy  ofihe  electrons  in  the 
high-cncrgy  mode  of  the  MEA  can  be  estimated  by  simulating  this  data. 
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The  second  setorcicpcrimenUl  dale  duiied  is  an  esiimate  of  die  absolute  neution 
production  in  die  deamient  room.  One  mcdiod  lo  obtain  this  information  is  to  measure 
the  activation  of  a known  sample  of  material  in  ibe  presence  of  the  accelerator's  radiation 
field.  Activation  is  the  transmutation  of  a nucleus  from  one  isotope  to  an  unstable 
isotope.  The  decay  of  the  unstable  Isotope  is  then  measured  and  the  number  of  such 
isotopes  observed  can  be  used  to  estimate  the  ladiation  field  die  original  sample 
citpeHenced.  This  technique  is  known  as  activation  analysis.  Many  texts  exist  on  the 
subject,  e.g.  Alfassi  [87],  as  well  as  specific  guidance  for  measurements  around  MEAs 
[881- 

Forthe  purpose  of  these  experiments,  gold  was  the  material  chosen.  It  has  a 
number  of  useful  properties.  First,  in  its  elemental  form,  gold  is  mouo-tsotopic. 

Therefore  only  one  set  of  cross-secrion  data  are  needed.  The  '’’Au(n.y)'’‘Au  cross 
section  os  a function  of  incident  neutron  energy  is  veiy  large  (98.8  bams  for  thermal 
neutrons).  More  importantly,  It  Is  commonly  used  b activarian  analysis  and  the  cross 
section  is  well  known,  probably  not  mure  than  20  percent  in  error  at  any  given  energy 
with  an  aggregate  accuracy  ofbettcrihan  5 percent.  Lost,  the  decay  of '’’Au  Is  well 
documented  and  easily  distinguished  for  counting  by  gamma-ray  spectroscopy. 

Acdvatlon  analysis  requires  a callbmied  detector  system  capable  of  discriminating 
the  radiation  emission  of  interest.  The  Neutron  Activation  Analysis  (NAA)  laboratory  at 
the  Uoiversity  of  Florida  Test  Reactor  (UFTR)  facility  maintains  a set  of  germanium 
detectors  and  associated  equipment  for  diia  purpose.  As  their  equipment  was  available 
for  use,  it  was  unneccasoiy  to  setup  and  certify  a new  system.  The  counbng  system 
utilizes  the  Gamma  Vision  softwaie  produced  by  EC&C  Oriec. 
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Eleven  small  foils  and  Lhsec  large  iogols  of  gold  were  available  for  use  in  these 
experiments.  Each  sample  was  cleaned  with  alcohol,  weighed,  seeled  within  a plastic 
sleeve  and  numbered.  The  activation  in  the  gold  is  a function  of  the  number  of  atoms 
present  and  the  number  of  neutrons  available.  Consequently,  for  the  same  neutron 
population,  the  larger  the  mass  of  gold,  the  more  activation,  i.e.  '*‘Au  isotopes,  produced. 
The  original  motivation  for  using  the  ingots  was  that  theit  3 1 , 1 g (one  troy  ounce)  mass 
would  activate  quickly  even  In  the  relatively  low  neutron  flucncc  of  the  treatment  room. 
They  could  therefore  be  used  for  a set  of  measurements  without  the  need  for  long 
irrodiaiion  limes. 

All  of  the  samples  had  been  subject  to  previous  irrodiaiion.  The  background 
counts  present  in  all  the  samples  were  evaluated  atlhcNAA  laboratory  prior  to  their 
irradiatiou.  The  foils  had  not  been  previously  irradiated  in  more  than  one  year  and 
showed  no  significant  background.  The  ingots  had  been  irradiated  witbio  the  treatment 
room  slightly  mom  than  one  month  pnor  to  this  set  of  experiments.  They  showed  a slight 
background  which  had  to  be  suboacled  off  the  later  counts,  TbeGanunaVislon  soffwam 
pioduces  a report  showing  Ihe  energy  boundaries  of  the  gamma-ray  peaks  observed  as 
well  as  Ihe  net  counts  seen  for  the  peak  and  Ihe  estimated  one  sigma  error. 

Gold  has  a second  reaction  of  Intecesl  for  these  experiments.  The  pholonuclear 
(Y.n)  threshold  for  '’'Au  is  8,071 1 MeV,  Thus,  in  Ihe  presence  ofhigb-energy  photons. 
”‘Au  Is  produced.  Tbe  '’^Au  decay  scheme  is  also  well  known  and  easily  distinguished 
for  counting  by  gamma-ray  spectroscopy.  The  '^Au(Y,n)'^Au  cross  section  has  been 
measured  experimentally  169,78.89,90]  and  is  believed  accurale  to  within  2S  percent. 
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While  not  directly  a measure  of  the  neutron  production,  simulation  of  the  ’^Au 
production  provides  a secondary  check  of  the  photon  production  and  transport. 

Activation  of  the  available  gold  samples  was  conducted  on  Sunday  albemooiu 
April  13, 1999.  Table  3*1  provides  the  number,  mass  and  position  of  each  sample.  Due 
to  the  small  mass  of  some  of  Ihe  foils,  sets  were  combined  into  one  sample  such  that  the 
mass  of  each  foil  sample  was  about  Ihe  same.  Each  sample  was  positioned  to  look  at  a 
diffcmnl  aspect  of  Ihe  neutron  population.  The  accelerator  was  set  to  the  high-energy 
photon  mode  with  a 10x10  cm  field  size  at  100  cm  SSD  throughout  those  experiments. 

The  first  sample,  II.  was  placed  bare  at  Isocenier.  It  was  situated  on  lop  of  a 
cardboard  box  such  that  the  long  axis  of  the  ingot  was  in  the  cross-plane  direction.  This 
was  further  supponed  by  Ihe  treatment  couch,  The  exact  positioning  was  checked  by  the 
lighting  system  . The  cardboard  box  provided  separation  liom  the  tmatment  couch  to  try 
and  lesson  any  effect  it  may  have  on  the  neutron  population.  The  primary  objective  was 
to  observe  the  total  neutron  flux  seen  at  isocenter  including  Ihc  room  return.  The 
secondary  objective  was  to  observe  the  bigh-energy  photon  flux  at  isoccnler. 

The  second  sample.  12.  was  placed  at  isocenter  surroimdcd  by  a moderator.  A- 
ISO  plastic  was  chosen  as  Ihe  moderating  material  us  It  was  readily  available  and  easier  to 
set  up  than  a water  tank.  The  plastic  slabs  are  uniform  in  area,  30x30  cm.  and  of  varying 
thickness.  A 16  cm  tall  block  was  constructed  on  top  of  the  ueatment  couch  such  that  the 
center  of  the  block  was  siniaied  at  Isocenier.  The  sample  was  aligned  such  that  Ihc  long 
axis  of  the  Ingot  was  in  Ihe  cross-plane  direction.  The  position  was  checked  by  Ihe 
lifting  syslem.  The  dimensions  of  the  block  were  checked  by  ruler.  Tbcprimary 
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objective  was  to  observe  the  elTect  of  the  modcnitor  on  the  neutron  population.  Tbe 
secondary  objective  was  to  observe  the  high-enei^  photon  flux  at  Isocenter. 

The  third  sample,  13,  was  placed  in  the  maze  corridor.  It  was  taped  in  place  on 
the  inside,  i.e.  nearest  the  room,  wall  such  that  It  was  240  cm  from  the  comer  to  the  room 
and  150  cm  above  the  floor.  The  long  axis  of  the  ingot  was  parallel  to  the  maze  corridor. 
The  position  was  checked  by  ruler.  The  primary  ohjective  was  to  observe  the  neutron 
population  in  the  maze.  The  secondary  objective  was  to  observe  the  high-energy  photon 
flux  from  other  sources  within  the  accelerator.  One  possible  secondary  source  of  high- 
energy  photons  is  Ihar  the  ene^  selection  slit  within  the  Phillips  bending  maper 
system.  It  constitutes  a possible  source  of  background  contaminate  photons  and  thus 
neutrons.  The  sample  was  aligned  near  the  in-plane  axis  to  check  for  this  e^ecL 

The  remaining  samples,  foil  samples  I -6,  were  placed  in  tbe  moderator  block 
similar  to  sample  12.  They  were  disihbuied  radially  outward  from  isoccnicr  along  the 
cross-plane  axis  with  the  spacing  indicated  in  Table  5-1.  The  position  was  checked  by 
the  light  system  and  the  spacing  by  ruler.  The  primary  objective  wos  to  observe  the 
neutron  population  in  the  moderator  as  a ttmetion  of  depth  into  the  block.  The  secondary 
objecrivc  was  to  observe  the  in-beam  versus  out-beam  high-energy  photon  flux. 

The  itradlarion  was  oatried  out  in  SCK}  monitor  unit  (MU)  Increments.  (The 
monitor  unit  is  measured  by  an  ion  chamber  within  tbe  accelerator  and  I MU  nominally 
corresponds  to  1 cGy  absorbed  dose  at  Isooenler.)  The  start  time  and  the  total  irradiation 
for  each  sample  are  ojso  listed  in  T^le  5-1.  Samples  II  and  12  were  each  irradiated  for 
3000  MU.  Sample  numbers  1 through  6 were  irradiated  with  all  the  foils  in  place  for  n 
total  of  6000  MU.  Sample  13  was  expecled  to  receive  the  least  ocrivation  and  was 
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therefore  left  in  place  throughout  the  duration  of  the  entire  irradiation  process  fora  total 
of  12000  MLI. 

A standard  EC&C  high-piuity  gennaniiun  detector  and  associated  equipment 
were  available  in  the  control  room  at  the  time  of  the  irradiation.  Sample  II  was  checked 
at  the  1000. 2000  and  3000  MU  Irradiation  levels  to  detenmne  its  ooiuit  tale  for  the 
gamma-mya  of  interest.  It  was  determined  that  count  rale  was  sufllcient  offer  3000  MU 
inadiation.  Sample  12  was  run  to  match  sample  11.  The  foil  samples,  because  of  their 
smaller  size,  were  irradiated  for  twice  as  long. 

Final  counting  of  the  activated  samples  was  performed  at  the  NAA  laboratory.  As 
discussed  above,  background  counts  were  taken  prior  to  irradiatioo.  Final  counting  waa 
performed  once  later  the  same  day  as  the  irradiation  and  a second  time  the  following  day 
to  ensure  no  false  readings  were  observed.  The  333  and  336  keV  decay  lines  Irom  '^Au 
and  die  412  keV  decay  line  ftom  '”Au  provided  accurate  assessment  of  the  activotion 
due  to  each  of  these  Isotopes.  This  activity  is  used  to  compute  producticut  rale  of  the 
Isotopes  seen  while  the  beam  waa  energized.  The  value  is  compared  to  simulation 
caleulatioos  of  the  value  in  the  companson  discussion  below. 

Two  certined  sources  were  also  observed  during  the  second  set  of  counts.  This 
set  of  counts  was  used  to  determine  the  eftlcieocy  of  the  detector  system  for  the  gamma* 
rays  of  interest  in  the  counting  geomelry.  it  also  ensured  that  the  energy  calibration  of 
the  gamma-ray  detection  system  was  accurate.  The  final  results  are  discussed  in  the 
comparison  below. 
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Simulilian  Selup 

The  two  sets  of  experimental  data  require  modeling  at  very  diflerent  levels  of 
detail.  As  discussed  in  the  Background  section,  electron-photon  dose  calculalions  for  a 
patient  or  equivalent  phantom  do  not  require  modeling  of  anything  outside  the  main  beam 
path.  On  the  other  hand,  the  neutron  problem  is  influenced  by  every  object  in  the  room 
and  especially  the  exact  details  of  the  treatment  head.  Likewise,  the  way  in  which  the 
Tninspon  is  run  and  the  goals  of  the  ouipul  are  also  very  different. 

Before  describiog  these  models,  the  goals  of  eacb  should  be  staled.  Tbere  are  two 
key  unknowns  In  the  descriptions  of  the  MBA  obtained  for  use  here:  the  moan  election 
energy  and  the  number  of  electrons  incident  on  the  target.  The  simulation  of  the  depth 
dose  has  as  its  goal  the  validation  of  the  beam  path  geometry  with  its  associated  materials 
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and  the  deienninaiion  of  these  two  unkxiowos.  The  value  of  these  two  uokoowos  is  part 
of  the  starting  point  for  the  second  set  of  simulations.  The  second  sintulation  anempls  to 
validate  the  neutron  production  and  transport  by  matching  the  activation  seen  in  the  gold 
samples. 

Physical  geometry.  Simulation  of  the  depth  dose  curves  is  an  electron-photon 
tnuispott  problem  to  solve  the  energy  deposition  in  the  water  phantom.  As  such,  it 
requites  an  occurole  dcacriplion  of  the  area  directly  around  the  beam  path.  It  turns  out 
that  this  bit  of  physical  geometry  is  the  most  difficult  item  to  obtain. 

Trying  to  obtain  the  exact  schematics  of  a MEA  is  like  trying  to  extract  a sore 
tooth  from  a man  who  hates  dentists.  Upon  asking  if  the  moth  is  sore,  he  answers  that  it 
might  be  but  it's  nothing  for  a dentist  Upon  finally  going  lo  the  dentist  and  learning  il 
must  come  out,  he  makes  the  dentist  piomisc  he  won't  pull  it  without  his  permission. 
When  the  dentist  asks  for  permission,  the  patieol  hems  and  hohs  and  talks  about  how  the 
rest  of  his  teeth  are  floe  and  only  with  the  greatest  of  reluctance  gives  up  anything  at  all. 

When  the  author  first  asked  for  blueprints  of  the  Phillips  MEA  in  question,  he  was 
told  that  they  existed  bulthcy  were  proprietary  documents.  This  was  understandable  but 
unfortunate.  At  that  time,  the  author  felt  is  was  important  to  remain  oulside  of  the 
obligalions  of  handling  proprietary  data  as  it  was  desired  lo  be  able  m publish  full  details 
of  the  model  without  lestriciion  in  this  dissertation.  This  was  considered  an  absolute 
must  as  without  those  details,  the  work  presented  cannot  be  replicated.  Therefore,  a 
compromise  was  reached  and  a hand-drawn  schematic  of  the  beam  path  as  well  os  a 
generic  diagram  of  the  treatment  head  prolllc  were  made  available. 
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During  the  cmine  of  lliis  work,  llie  author  hus  had  opporruniry  to  speak  with 
many  researchers  in  this  field.  While  many  were  willing  to  share  experiences  Hying  to 
model  MEAs,  all  except  one  were  unwilling  to  share  exact  details  of  their  models 
because  of  obligations  due  to  the  proprietary  nature  of  their  source  information.  The 
author  believes  that  this  is  a very  unfortunate  stale  of  affairs  as  it  means  each  group  must 
start  from  scratch  and  no  group  can  exactly  replicate  another's  work  as  no  two  models 
will  be  exactly  the  same.  It  should  also  be  noted  that  several  peisons  with  access  to 
proprietary  information  made  further  statements  to  the  cfTcct  that  even  with  detailed 
blueprints,  the  specifications  were  sometimes  out  of  dale  and  key  details  had  changed 
between  the  blueprinu  and  the  MEA  as  built 

The  author  owes  a gieal  debt  to  John  Demarco  and  Indriu  Cherty  of  the  Uoiversity 
of  California  at  Los  Angeles  Department  of  Radiation  Oncology.  They  were  the  one 
group  willing  to  sham  their  experiences  using  MCNP  as  a simulation  tool  [91]  as  well  as 
their  well  validaled  models  of  the  Phillips  SL  series  MEA  [92].  Id  terms  of  simulating 
electron-pholon  radiation  tran^ort  in  MEAs  for  calculating  dose  distributions,  they  have 
significantly  advanced  the  state-of-the-art.  For  the  purposes  of  this  work,  being  able  to 
start  with  their  model  meant  no  great  effort  was  necessary  to  refine  and  validate  the 
geometry  model. 

The  geometry  model  thus  obtained  included  the  electron  target,  the  target 
housing,  the  primary  collimator,  a hardening  filler,  two  flattening  fillers  and  an  Ionization 
chamber.  Dimensionally  it  matched  the  hand-drawn  schematic  obtained  earlier  with  one 
exception.  The  exception  was  an  aluminum  ring  just  outside  the  second  flattening  filter. 
Iiwasdeiermined  to  be  outside  the  main  beam  path  and  therefore  Ignored.  The 
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placement  and  size  of  the  secondary  collimators  and  the  water  tank  were  determined 
through  discussions  with  the  siofTond  engineers  onsite  at  SCC. 

The  MCNP  geometry  specification  was  reordered  and  losirucnired  during  early 
trial  runs  without  affecting  the  original  specificatiom  except  to  speed  up  calculations. 
MCNP  geometry  specifications  can  gready  influence  run-times  depending  on  the 
complexity  per  cell  description.  The  reordering  served  the  secondary  purpose  of 
describing  the  mode!  in  a more  commented,  stiuctuied  manner  for  the  soke  of  readability. 
During  these  same  runs  it  wa.s  found  that  presence  of  the  ion  chamber  made  no 
significant  contribution  to  the  overall  transport  process  and  it  was  removed.  A simple 
schematic  of  the  final  simulation  geometry  is  shown  in  Figure  3-2  and  the  details  for  the 
MCNP  input  decks  are  given  in  Appendix  E. 

The  second  set  of  simulations  lias  as  its  aim  the  accurate  assessment  of  neutron 
production  and  distribuLion  within  the  treatment  room.  As  discussed  in  the  background 
above,  this  is  a considerably  more  difficult  challenge  than  the  depth  dose  simulations.  In 
lact,  as  the  discussion  in  the  comparison  wilt  show,  while  the  challenge  has  been  met 
with  more  comprehensive  techniques,  the  results  still  leave  much  lobe  desired.  The 
following  discussion  will  point  out  a number  of  approximations  which  have  been  made 
that  contribute  to  the  uncertainly  in  the  final  mulls. 

The  greatest  single  difficulty  lies  in  adequately  defining  the  physical  space  of 
consequence.  The  starting  point  used  here  is  the  trcormcnl  head  as  defined  in  the  depth 
dose  simulations.  To  this  has  been  added  the  bare  concrete  walls  of  the  treatment  room. 
The  dimensions  and  materials  of  the  room  were  derived  from  the  original  architectural 
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Management.  For  the  primaiy  simuladoos,  nothing  else  was  included. 

It  is  worth  spending  some  time  on  the  known  unknowns  this  approximation 
inpoduces  and  why  it  was  made.  First  and  foremost,  only  about  one-third  of  the  total 
material  in  the  treatment  hood  is  repmsented.  The  remainder  is  significantly  outside  the 
primary  beam  path  and  therefore  was  not  necessary  for  the  electron-photon  simulation 
and  was  not  included  in  any  of  the  available  references. 

A detailed  representation  of  the  lead  and  tuogsten  shielding,  structural  steel  and 
other  materials  in  the  treatment  head  is  necessary  for  an  accuraie  simulation  of  the 
electron-photon-neutron  problem.  Without  truly  accurate  descriptions  of  the  locations 
and  compositions  of  these  materiais.  anything  done  is  subject  to  large  eiror.  The  final 
rcsulispreseniedbelowareobialnedonly  with  what  is  known.  Wilh  that  said,  there  are  a 
significant  number  of  variations  ondior  cducoled  guesses  on  placement  of  lead  and 
tungsten  shieldmg  that  can  be  made  to  estimate  the  influence  ofthismisaing  material. 

it  is  recommended  that  ititure  work  undertake  to  oblain  this  infomiaiion  by  direct 
inspection  of  the  MEA.  It  might  be  aticmpted  to  oblain  this  information  through 
blueprints  or  specifications  buttbe  final  model  should  be  matched  against  the  actual 
dimensions  as  measured.  It  was  not  feasible  to  obtain  that  information  for  the  purpose  of 
the  current  study. 

There  is  also  a significant  amount  of  material  within  the  room  that  is  not 
represented  in  the  simulation.  Again,  this  is  done  due  to  the  difficulty  b obtabbg 
information  on  the  placement  and  composition  of  the  objects.  It  was  not  readily  apparent 
from  the  ^iccitications  if  the  room  was  fiuisbed  as  is  typical  for  similar  fecilities.  if  this 
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and  fuiished  waK.  The  finished  wall  itself  is  probably  gypsum  board  covered  by  paint 
and/or  wallpaper.  Cabinetry  and  furnishings  have  been  provided  to  make  the  room  a 
useful  workspace.  Additionally,  the  main  bulk  of  the  accelerator  itself,  the  wall 
partitioning  the  machinery  room  and  many  other  miscellaneous  items  also  reside  within 
the  concieie  vault. 

This  list  of  missing  materials  and  unknowns  could  be  continued  though  it 
certainly  becomes  less  significanl.  However,  of  probable  importance  are  certain 
construction  materials  and  the  accelerator  itself.  It  is  estimated  [94]  that  one  to  two  and  a 
half  tons  of  structural  steel  or  aluminum  reside  in  the  walls;  one  and  a half  to  two  and  a 
half  tons  of  gypsum  wall  board,  ceiling  tiles  or  the  equivalent  coverings  cover  the  walls 
and  celling:  and.  several  hundred  pounds  of  cabinetry  am  localcd  against  the  walls.  The 
accelerator  componeols,  associated  machinery  and  treatment  couch  account  for  hundreds, 
ifnotlhousands,  of  pounds  of  additional  metals.  The  partition  wall  forming  the 
tnachinery  closet  is  also  left  out.  This  lack  of  this  material  in  the  simulation  represents  an 
unknown  error  that  could  play  a significant  role  in  neutron  scanering  and  absorption. 

Starting  from  this  simplified  model,  four  variations  were  used  to  simulate  the 
activation  experimental  setup.  These  are:  the  bare  room;  the  room  with  detailed  ingots  at 
isDcenler  and  in  the  maze;  the  room  with  the  moderator  block  at  isocenter;  and,  the  room 
with  the  moderalor  block  and  detailed  ingots  at  isocenter  and  in  the  maze.  During  the 
course  of  this  study,  several  varianons  have  also  been  explored  though  none  have  been 
included  in  Ihc  final  simulations. 
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Transport  data.  Those  materials  in  the  treatment  head  which  were  specified  in 
the  simple  drawing  aie  the  same  as  those  specified  in  the  UCLA  model.  The  target  is 
tungsten  alloyed  with  10  weight  percent  rhenium  and  has  a density  of  19.47  g/cc.  The 
Urgei  housing  is  natural  copper  and  has  a density  of  8.96  g/cc.  The  primary  collimator  Is 
tungsten  alloyed  with  1.6  wei^t  percent  copper  and  3.5  weight  percent  nickel  and  has  a 
density  of  18.78  g/cc.  The  hardening  filler  is  natural  aluminum  and  has  a density  of  2.7 
gfcc.  The  flatienlog  filletsarebolhsleelsvilh  adensity  of7.9g/cc.  The  composition  was 
not  listed  on  the  hand  drawing  so  the  UCLA  definition  was  token.  The  steel  is  iron  with 
18  weight  percent  chromium,  9 wei^r  percent  nickeL  2 weight  percent  manganese  and  I 
weight  percent  silicon.  The  secondary  collimators  are  lead.  The  lead  may  or  may  nor  be 
alloyed  with  antimony.  For  this  model  it  was  taken  as  narural  lead  and  has  a density  of 
1 1.35  g/cc. 

For  the  transport  simulation  of  the  depth  dose  curves,  dectroo  and  photoatomic 
tobies  were  available  for  all  of  the  elements  specified  above.  Tables  are  also  available  for 
simulating  the  hydrogen  and  oxygen  of  the  water  tank.  While  available,  the  air  was  lakcn 
to  be  a void  for  these  simulations.  The  detailed  material  descriptions  used  in  the  actual 
input  decks  are  listed  in  Appendix  E. 

For  the  activation  simulations,  the  concrete  walls,  air.  gold  and  A-iSO  plastic  have 
been  added  to  the  physical  description.  Other  maieriais  may  he  present  in  the  room  but 
are  not  included  as  they  are  not  represented  in  the  geometry.  The  definirions  of  those 
materials  present  and  not  established  earlier  have  been  taken  from  well  established 
sources.  Exact  details  of  the  material  compositions  used  ore  once  again  found  in 


Appendix  E. 


As  wiib  aJmosi  all  MCKP  simulaiions,  tables  sfe  available  for  all  elements  of 


interest  for  electron  and  photoalomic  interactions.  For  neutron  interactions,  tables  arc 
available  for  almost  all  isotopes  and  those  unavailable  constitute  minor  isotopes  of 
natural  elements  (less  than  S percent  in  all  eases;  less  than  I percent  in  most).  However, 
difficulty  arises  because  only  nine  evaluated  photonuclcar  tables  arc  available  for  use; 
”A1,  "Co,  “Fc.  "Cu,  '*'Ta,  '“W, 

The  difficulty  is  deciding  what  is  reasonable  when  no  table  exists  for  on  isotope  of 
Interest  What  has  always  been  done  in  past  is  to  completely  ignore  the  phoionuclear 
contributions.  However,  Ibis  vinually  guarantees  that  the  simulation  will  underpredict 
the  neutron  production.  Therefore,  it  seems  more  reasonable  to  follow  the  example  used 
in  picking  neutron  tables  and  to  use  an  available  isotope,  e.g.  '^W.  to  represent  all  the 
isotopes  present  in  the  natuial  element,  e.g.  '*®-t*2.tsi.iss.iss^  However,  the  reason  these 
rabies  are  compiled  by  isotope  is  that  each  individual  species  in  a naturally  occurring 
element  has  unique  thresholds  and  reactions.  Still,  engineering  practicality  says  that 
something  is  better  than  nothing.  As  a result,  the  original  argument  is  extended  to  say 
that  it  is  reasonable  to  use  a table  for  an  isotope  of  similar  atomic  weight  if  the  necessary 
isotopic  table  is  missing.  However,  beware,  you  get  what  you  pay  for. 

For  the  purposes  of  representing  the  malerials  in  this  simulation,  missing  tables 
were  substituted  by  isotope  within  on  element  or  by  nearest  aiomic  neighbor. 

Specifically,  the  table  was  used  to  represent  elemental  tungsten  and  rhenium.  The 
table  was  used  to  represent  elemental  copper  and  nickel.  The  ^^Al  table  represents 
elemenral  aluminum  and  was  also  used  lo  rcpiescnl  elemental  silicon.  The  ^^Fe  table  was 
used  to  represent  elemental  iron,  chromium  and  mangenese.  The  *"Ca  table  was  used  to 
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represem  elemealal  calcium.  Tbe  major  isotopes  of  lead,  tables 

available  leaving  only  1.4  atom  percent  ^Pb  to  be  covered  by  an  appropriate  mixture. 

No  phoionuclear  table  was  associated  with  hydrogen,  carbon,  nitrogen,  oxygen,  flourinc, 
sodium,  magncsiiun.  sulphur  or  argon.  The  exact  deRnltions  of  the  materials  as  well  as 
the  geometry  used  in  the  simulation  can  be  found  in  Appendix  E. 

Radiation  source.  The  radiation  source  in  the  MBA  is  electrons  on  the  target. 
The  electrons  ore  produced  by  an  electron  gun,  formed  into  bunches  and  accelerated 
through  a microwave  chamber.  They  ate  then  guided  through  a set  of  vacuum  tubes  to 
the  treatment  head.  A system  of  three  bending  magnets  [93]  then  spread  the  beam,  direct 
It  through  an  energy  selection  slit,  refocus  it  and  diieci  it  onto  the  target.  The  actual 
electron  distribution  on  the  laigei  is  probably  a chopped  Gaussian  in  energy,  impinging 
on  a rclarively  small  spot  with  a slight  angular  distribution  about  the  normo).  This 
distribution  os  modeled  in  the  simulation  is  a whole  Gaussian  in  energy  having  a full 
width  at  half  maximum  of^gOheV and  perpendicularly  incident  onaspotsiae  I mm  in 
diameter.  This  description  is  taken  directly  from  the  original  UCLA  model  and  is 
believed  accurate  enough  as  it  has  been  used  to  successfully  malch  experimental  data. 

One  of  the  key  unknowns  is  the  mean  energy  of  the  electrons  incident  on  tbe 
target,  it  will  always  be  dependent  on  the  specific  MBA  in  use  as  it  is  a function  of  the 
microwave  cavity  and  RF  tuning.  The  UCLA  model  gives  this  value  as  22  MeV.  Taking 
22  MeV  as  a starting  point,  depth  dose  simulations  were  run  at  1 MeV  increments  for  3 
MeV  on  either  side  of  this  value,  i.e.  19, 20. 21, 22. 23, 24  and  25  MeV.  The  details  are 
Hated  in  Appendix  E. 
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'Die  radjaiiun  source  for  ihe  activuiion  simulations  is  the  exactly  as  described 
above.  However,  it  is  worth  ootbg  that  while  this  is  still  a good  approximation  to  the  full 
source,  it  leaves  out  one  portion  which  has  the  potential  to  he  significant.  As  the 
electrons  pass  through  the  system  of  bending  magnets,  they  pass  through  the  energy 
selection  slit.  The  btemsstrohlung  photons  occutring  as  a result  of  this  process  do  not 
alTecl  the  electron-photon  dose  os  a significant  amount  of  shielding  blocks  their  direct 
path  to  the  treatment  area.  Hnwever.  any  high-energy  photons  from  this  process  can 
contribute  to  the  production  of  neutrons. 

Transport  algorithms.  The  MCNP  radiation  transport  code  is  the  work  of 
hundreds  of  people  over  decades  of  lime.  One  of  the  principal  reasons  the  current  worit 
was  performed  usmg  the  MCNP  code  as  a base  was  the  comprehensive  validadon  of  its 
primary  transport  algorithms.  This  validation  has  been  accomplished  through  the 
diligence  and  use  ofthnusands  of  users.  MCNP  is  one  of,  if  not  the.  gold  standard  in 
neuiron-photon  transpod  and  its  electron-photon  transport  package  has  made  great 
advances  over  the  last  decade.  For  neutron  and  photon  transport,  there  are  many  papers 
in  Ihe  literature  validating  the  accuracy  of  the  data  combined  withMCNP's  transport 
algorithms. 

Electron  transport  was  added  relatively  recently  in  MCNP's  lineage  and  is  still 
undergoing  significant  improvements.  However,  the  current  set  of  electron  transport 
algorithms  are  derived  Irom  the  well  esiahli^cd  ITS  code  [96]  and  have  proven  to  be 
accurate  for  most  situations.  Several  papera  have  been  published  since  electron  transport 
was  first  added  to  MCNP  showing  us  applicarion  to  eiccpon  accelerator  environments. 
Recent  examples  include  work  by  Love  et  al.  [97]  and  Jeraj  et  al.  [96].  These  show  that 


while  there  ie  still  work  needed  in  this  area.  MCNF  is  capable  of  simulating  this  class  of 
problems. 

However,  since  it  was  desired  to  mo  the  depth  dose  simulations  with  the  best 
electron*photon  physics  transport  package  available,  they  have  been  run  uaiog  the  most 
up'lo-daie  eleclroo  physics  package.  As  part  of  the  upcoming  release  of  MCNP  version 
4C,Ken  Adams  of  the  MCNP  code  development  team  has  worked  to  correct  some  of  the 
known  discrepancies  in  the  electron  transport  algorithms  [99].  A prototype  eode  has  been 
designated  MCNP4BNU  to  indicate  it  is  based  on  MCNP4B2  and  includes  the  new 
election  package.  The  prororype  was  made  available  to  the  author  for  use  in  these 
simulations  [100]. 

The  bulk  of  the  current  work  has  been  directed  at  providing  the  algorithms 
necessary  to  include  pholonuclear  interactions  in  MCNP.  The  resultant  prototype  code  is 
designated  MCNP4BPN  in  indicate  that  it  is  based  on  MCNP4B2  and  includes 
phoToouclear  physics.  It  bas  been  well  documented  in  Chapter  3 and  validated  in  Chapter 
4.  The  neutron,  phoioniomic  and  electron  routines  remain  those  of  MCNP4B  and  as  such 
have  been  validated  aa  previously  described.  MCNP4BPN  is  used  for  the  bulk  of  the 
activation  simulations. 

UbtulDlng  Output  The  MCNP  code  bas  a vety  well  established,  comprehensive 
set  of  output  tables.  The  have  been  well  tesled  over  the  years  by  the  users  and  present  a 
wealth  of  information  about  the  simulation.  Creation  and  loss  table.s  present  a summary 
of  the  overall  events.  If  needed,  delails  are  available  about  the  events  by  cell  and  by  the 
type  of  interaction.  And  most  important  of  all,  a standardized  tally  package  provides 
requested  results  along  with  sialistical  analysis  of  their  uacertainiy. 
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Pan  of  the  problem  in  simulating  the  depth  dose  calculations  is  doing  detailed 
clcctron*phoion  iranapon  over  more  than  a meter  in  distance.  It  is  trivial  to  obtain  the 
bremsstrabluitg  spectrum  from  the  target  and  transpon  it  into  the  region  of  interest,  i.e. 
the  water  tank.  It  is  more  slightly  more  diflicull  to  obtain  the  bremsstrahlung  spectrum 
from  the  other  mator  components  in  the  beam  path  and  trant^on  them  to  the  region  of 
interest.  It  is  extremely  difficult  to  tiunsportthc  scattered  electrons  to  the  region  of 
interest.  Because  of  this,  the  typical  approach  has  been  to  break  the  geometry  up  into 
distinct  regions  and  create  a phase-space  file  which  adcipiaicly  describes  the  electron- 
photon '‘source"  at  the  start  of  each  new  location. 

In  the  true  spirit  of  engineering  mentality,  i.e.  always  use  the  biggest  hammer 
available,  these  simulations  were  run  from  the  original  electron  source  incident  on  the 
target.  This  was  done  at  great  expense  in  terms  of  CPU  time  though  it  considerably  eased 
the  amount  of  time  that  would  have  been  necessary  to  understand  and  use  phase-space 
files.  The  generatioa  and  use  of  phase-space  flica  is,  in  the  opinion  of  the  author,  still  an 
an  form  rather  ibao  a science.  Therefore  a large  number  nfCPU  cycles  were  facilitated 
by  the  availability  of  standardized  variance  reduction  techniques  within  MCNPlorun 
these  simulations  from  top  to  bottom. 

A dxtran  sphere  allows  a volume  of  interest  to  receive  a representative  neutral 
panicle  from  every  collision  site  outside  of  the  volume.  In  order  to  keep  the  Monte  Carlo 
game  fair,  any  particle  actually  reaching  Ihe  boundary  of  Ihc  dxlran  sphere  is  killed.  For 
the  purpose  of  these  simulations,  a photon  dxtran  sphere  was  placed  around  the  water 
tank.  To  illustrate  how  effective  this  method  is,  consider  that  a typical  example 
simulation  shows  that  S million  photons  were  killed  at  the  dxtran  boundary  but  300 


million  panicles  eolered  liie  sphere,  a signlhcam  net  gain  of  panicles  inlenicting  with  the 
water  tank. 

Unfominately,  there  Is  no  method  currently  aveiloble  to  propagate  electron 
contributions  over  a distance.  Therefore  the  electron  transport  had  to  proceed  the 
traditional  way.  Each  electron  reaching  the  water  tank  was  the  result  of  a loog  series  of 
collisions  which  managed  to  penetrate  the  fiill  length  of  the  treatment  head  and  still  be 
going  in  the  right  direcrion  at  the  bottom.  Pan  of  the  requirement  for  loog  run-tiines 
derives  from  the  need  to  have  enough  of  these  panicles  comribuie  to  the  dose  very  neor 
the  surface  of  the  water  tank. 

The  dose  along  the  central  axis  of  the  water  tank  was  calculated  fiom  the  surface 
to  30  cm.  A three  square  centimeter  column  was  defined  extending  along  the  central 
axis.  Itwas  cut  up  into  39  vcnical  slices:  the  first  Rve  each  0.2  cm  thick,  the  next  nine 
each  0.3  cm  thick,  the  next  24  each  I cm  thick  and  the  last  cell  0.3  cm  thick.  The  ene^ 
deposited  in  each  cell  can  be  tallied  and,  with  that,  the  absorbed  dose  calculated. 

The  standard  MCNP  tally  package  includes  two  methods  for  estimating  energy 
deposition.  The  first  is  a healing  tally.  This  method  computes  the  average  energy 
deposited  in  the  volume  of  inrerost  for  each  photon  collision  assuming  all  secondary 
energy  is  deposited  inslaoianeously  and  locally.  This  requires  that  the  region  in  question 
has  reach  electron  equilibrium.  This  occurs  for  homogeneous  regions  away  from 
boundaries.  Thus  it  is  a reasonable  approximation  for  those  points  after  the  build-up 
region  and  peak  dose.  As  this  method  depends  primarily  on  the  photon  transport,  it  does 
not  require  as  much  hme  to  achieve  a converged  answer  as  the  next  method. 
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The  second  method  to  estinute  energy  deposition  in  a volume  is  to  measure  the 
net  energy  flow  through  its  boundaries.  This  is  achieved  simply  by  hacklDg  each  particle 
and  odding  its  energy  to  the  tally  when  it  enters  and  subtracting  off  its  energy  when  it 
leaves.  The  primary  energy  loss  mechanism  is  the  slowing  down  of  electrons  within  the 
cell.  Obialning  convergence  for  this  energy  deposition  tally  is  difTiculi  because  it  is 
necessary  lo  have  a large  number  of  particles,  particularly  electrons,  traverse  the  volume 
in  order  (o  obtain  an  accurate  measure  of  the  average  energy  deposited. 

The  energy  deposition  tally  is  also  sensitive  to  the  election  and  photon  energy 
cutoffs.  Because  the  energy  of  the  particle  is  added  to  the  cell  when  it  enters,  any 
mechanism  that  prevents  it  Irom  leaving  will  cause  the  energy  lo  remain  added  lo  the 
tally.  Thus  if  the  electron  and  phoiun  energy  cutoffs,  the  energy  below  which  no  further 
transport  is  done,  arc  too  high,  the  tally  will  probably  overestimate  Ihc  absorbed  dose  Ir 
was  found  through  pieliminary  simuladons  that  electron  and  photon  cutoffs  of  O.S  and 
0.1  MeV.  respectively,  gave  reasonable  answers  in  acceptable  run  times. 

All  standard  MCNP  tally  outputs  include  a wealth  of  slalislical  information  lo 
help  ihe  user  determine  the  precision  of  the  answer.  These  simulations  were  tun  until  the 
energy  deposition  tnJiy  showed  convergence  at  less  than  3 percent  relative  error.  The 
healing  tallies  could  he  run  at  Ihe  same  lime  thereby  making  better  use  of  the  time  s-pent. 
The  run*times  needed  to  achieve  convergence  in  Ilie  energy  deposition  tallies 
corresponded  to  a relative  eiror  level  In  the  healing  tallies  of  less  than  O.S  percent. 
However,  it  should  be  remembered  that  these  both  these  error  levels  indicate  the 
precision  of  Ihe  Monte  Curio  results  and  nut  necessarily  its  true  accuracy.  There 
accuracy  will  be  discussed  in  detail  in  the  comparison  5ub*scction. 
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Results  were  obiaiaed  in  the  manner  described  above  for  three  field  sizes.  The 
secondary  collimators  were  set  such  that  the  photon  field  incident  on  the  water  tank  100 
cm  SSD  was  5x5  cm,  10x10  cm  and  30x30  cm,  respectively.  Each  of  the  seven  iocideot 
energy  distributions  was  considered.  All  other  conditions  were  held  constant  such  that  21 

A debt  of  gradnide  is  owed  to  the  Advanced  Computing  Laboratory  (ACL)  at  Los 
Alamos  National  Labomlory  (LANL).  They  operate  the  world's  fa-stest  integrated 
computer  (alleast  for  todayl.  the  Blue  Mountain  SGI  cluster  [101 1.  At  the  time  these 
simuiatinns  were  performed,  the  machine  was  severely  underutilized.  After  about  4,000 
hours  of  time  to  obtain  some  preliminary  results,  the  Enal  set  of  simulations  took  35,000 
hours  of  CPU  time.  However,  this  time  was  cheap  in  comparison  to  the  learning  curve 
necessary  to  understand  and  utilize  phase-space  files. 

Two  standard  MCNP  tallies  were  used  to  oblaiti  estimates  of  the  acrivation  in  the 
gold  foil.  The  track  length  estimaie  evaluates  the  particle  flux  in  a volume.  A point 
detector  evaluates  particle  flux  at  a point.  Either  can  be  multiplied  ns  a function  of 
energy  with  a production  cross  section  and  an  atomic  density  to  obtain  the  production  rate 
of  an  isotope  per  source  electron  per  volume.  Track  length  estimators  were  used  to 
evaluate  the  isotopic  production  rate  in  the  ingots  as  measured  over  finite  volumes.  Point 
deteclcns  were  used  to  evaluate  the  isotopic  production  rate  in  the  foils  as  approximated 
at  a point.  Again,  the  statistical  analysis  package  provides  useful  infoTmalion  for 
evaluating  the  precision  of  the  results. 

Several  techniques  were  used  by  the  activation  simulations  to  reduce  the  CPU 
time  required.  A dxtran  sphere,  as  discussed  above,  was  used  to  surround  the  volume 


where  a trade  length  estimate  of  particle  production  was  mode.  Since  electrons  and 
photons  with  an  energy  below  the  lowest  photonucicar  threshold  are  no  longer  capable  of 
producing  neutrons  they  are  not  transported.  This  is  done  by  setting  the  particle  energy 
cutoff  to  remove  them  from  the  simulation  when  diey  fall  below  5.7  MeV,  the  lowest 
photonuclear  threshold  in  the  simulation.  The  electron  energy  cutoff  represents  the  most 
substantial  time  savings  as  electron  transport  becomes  much  more  CPU  intensive  at  lower 
energies.  Photonucicar  biasing  was  used  such  that  the  neutron  production  from  every 
photon  collision  would  be  evaluated.  Finally,  a single  weight  window  was  used  for  each 
particle  type  to  ensure  that  particle  weight  due  to  the  biasing  schemes  did  not  cause 
unnecessary  flucruarions  in  the  tallies. 

li  should  be  noted  ibal  datran  spheres  ate  not  used  in  conjunction  with  point 
detectors.  Point  detectors  are  also  known  as  neat  event  esiimalots.  They  work  in  a 
manner  analogous  to  dalran  spheres.  A contribution  is  made  to  the  flua  at  the  point 
detector  Irom  every  particle  collision.  Therefore,  datran  spheres  are  used  in  Ihctse 
simulations  with  a ftuite  iugol  defined  and  point  detectors  are  used  otherwise. 

The  activation  simulations  included  the  production  rates  of  both  '^^Au  aod  ’^Au. 
The  (o,y)  cross  section  necessary  for  estimating  production  of '”Au  was  available  in  the 
ZAID  79197.60c  data  .set  found  in  the  standard  ENDF60  conbnuous-cnergy  neutron 
library  [102].  The  (yji)  cross  section  necessary  for  estimating  production  of  ”‘Au  was 
taken  limm  the  Saclay  '^^Au  phoroneutron  cross*secrion  evaluation  [69]  as  available 
electronically  in  the  Atlas  of  Photonuclear  Cross  Seebons  [17]. 

There  were  five  simulation  setups  of  intcresr  the  bare  ingot  at  isocenler;  the 
moderated  ingot  at  isocenter;  the  ingot  located  in  the  maze;  the  foils  m moderator;  and. 


the  foils  without  the  moderator.  The  pobt  detector  estimate  used  for  the  foils  without  the 
moderator  is  useful  for  comparison  purposes  eveo  though  the  equivalent  otperiment  was 
Dot  performed.  Considering  Ihc  seven  energy  distributions,  this  lead  to  35  simulations. 

Each  of  these  simulations  was  duplicated,  for  ’^Au  producrion  only,  using 
MCNP4BNU  to  determine  if  the  enhanced  electron  physics  would  significantly  change 
the  production  rote.  The  simuiation  thus  run  is  not  quite  identical  to  the  MCNP4BPN 
sinntlation  in  that  MCNP4BNU  does  not  include  the  photonuclear  cross  section. 

Inclusion  of  the  photonuclear  cross  section  will  shorten  the  photon  mean  ^e  path 
slightly  but  due  to  the  relatively  small  change,  it  has  very  little  effect  on  the  gross  photon 
transpoit 

As  with  the  depth  dose  sitnulaLiuos.  it  was  desired  to  run  until  the  statistical 
package  reported  convergence  for  all  the  tallies.  This  was  indeed  the  case  for  almost  all 
of  the  volume  tallies.  The  few  discrepancies  involved  warnings  although  other 
indications  showed  that  the  tally  had  conveiged.  The  point  detectors  had  a more  difficult 

Point  detectors  ore  best  used  in  a vacuum  outside  the  main  region  of  transport. 
Because  they  are  next  event  estiinatots.  most  contributions  to  them  tend  to  he  of  low 
weight  as  the  panicle  has  hud  to  manage  to  scatter  in  the  right  direction  and  traverse  a 
signjlicanl  amount  of  material.  Unfonunately,  when  used  iu  a material  they  suffer  from 
the  occasional  particle  which  collides  relatively  dose  by  and  has  a high  probability  of 
scatieriog  In  the  direction  of  the  detector.  These  particles,  to  use  a technical  term,  clobber 
the  tally  by  utiroducing  a sample  with  much  higher  weight  than  the  average. 
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The  oclivatioR  simul aliens  used  point  dctcctora  residing  within  materials,  in  some 
cases  within  dense  materials.  As  such,  many  of  the  these  tallies  did  not  converge  due  to 
the  problem  described  above.  After  many  attempts  to  remedy  the  situation  and  long  run- 
times to  see  if  enough  normal  particlea  could  overcome  the  occasional  offending  particle, 
the  final  results  were  taken  despite  some  continuing  problems.  User  judgement  is  used  to 
evaluate  those  results  which  did  not  converge  and  estimale  then  uncertainties  in  light  of 
those  results  which  were  converged. 

Aa  discussed  above,  the  author  holds  with  the  notion  that  all  credible  scientific 
work  must  be  reproducible.  In  order  to  facilitate  the  reproduction  of  the  data  presented 
here,  Appendix  E contains  the  information  necessary  to  reconstruct  the  input  decks.  The 
coding  for  the  algorithms  added  to  MCNP4B2  has  also  been  provided  as  well  as  the 
coding  necessary  to  reproduce  the  cross-section  library  used.  The  cross-section  data  are 
available  in  the  ENDF  formal  from  the  LANL  T-2  website  [103],  The  only  set  of 
information  which  would  have  been  useful  to  include,  but  is  not,  is  the  actual  MCNP 
output  tiles.  Unfommalely.  they  form  several  hundred  megabytes  worth  of  lexi  flies  and 
their  inclusion  was  not  practical. 

Discussion  of  the  Results 

Two  sets  of  experunemal  data  and  simulation  results  have  been  described.  This 
section  will  discuss  how  well  the  simulations  match  the  experimental  data  and  make 
suggestions  oboui  where  to  concentrate  future  work  to  improve  these  results.  The 
comparison  of  the  depth  dose  data  is  presented  first,  followed  by  the  activation  data. 

Depth  dose.  The  experimental  data  exists  as  three  relative  depth  dose  curves  for 


photon  field  sizes  of  SxS,  10x10  and  30x30  cm  at  lOOemSSD.  The  original 
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experimcMal  liau  is  presmud  in  Figure  S-3.  Ii  wus  provided  at  I nun  inlervals  without 
an  estituale  of  the  error  bats  though  they  are  expeeted  to  be  amall.  The  data  was  averaged 
over  each  ceil  in  order  to  facilitate  comparison  to  the  simuiation  results. 

The  hearing  tally  results  for  each  of  the  seven  incident  electron  energies  and  for 
each  of  the  three  field  sines  are  shown  in  Figure  5>4  compared  to  their  respective  ion 
trace.  Since  this  tally  is  only  valid  once  electron  equilibrium  is  achieved,  the  comparison 
is  only  for  those  points  after  and  including  the  peak  value  of  the  ion  trace.  The  sum  of 
the  squares  of  the  difference  between  each  tally  value  considered  to  the  average  of  the  ion 
trace  in  the  cell  volume  was  then  minimized.  Remember  that  the  ion  trace  is  o set  of 
relative  values.  The  general  conclusion  based  on  this  graph  is  that  the  simulations  appear 
to  be  in  the  right  neighborhood.  However,  despite  the  fact  that  they  meet  the  "eyeball 
norm",  no  further  conclusions  can  be  readily  made  strictly  fhtm  this  graph. 

Three  difference  plots  between  each  heating  tally  result  and  the  ion  trace  are 
presented  in  Figure  S*d.  This  set  of  graphs  provides  much  better  insight  into  the  true 
measure  of  each  simulation.  The  firar  conclusion  to  be  drawn  is  that  the  simulation 
model  has  fairly  accurately  modeled  the  true  experiment  None  of  the  results  are  more 
than  four  percent  different.  However,  there  are  still  some  discrepancies. 

Figures  54  and  5>5  are  presented  without  error  bars.  Error  bars  arc  not  included 
on  these  graphs  as  they  would  obscure  the  information  being  conveyed.  The  error  bars 
are  not  available  for  ion  chamber  trace.  The  error  bora  for  the  heating  tallies  are  all  less 
than  0.3  percent  of  the  tally  value. 

The  ftrst  area  of  concern  is  the  large  slope  in  the  difference  ploisjustafterlhe 
peak  value.  This  is  most  probably  due  to  electron  equilibrium  not  having  been  fully 
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Figure  5>4.  Comparison  of  ion  chomber  unce  with  calculated  heating  tally  for 
a)  a 30a3D  field:  b)  a 10x10  field;  and  c)  a SxS  field. 
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Depth  (cm) 


Kigure  S-S.  Percent  tli^erences  between  inn  chamber  tmee  and  calculated  heating  tally 
For  a)  a 30x30  field;  b)  a 10x10  Field:  and  c)  a 5x5  field.  (Petcenl  diFFercncc  is 
computed  as  (rrace-calcuIationVlracc.) 
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reacbed  until  jiui  after  the  peak  value.  R.eiueint>er  that  the  healing  tally  is  not  valid  near 
boundaries  where  electron  populations  are  in  anon-equilibrium  slate. 

The  second  area  of  concern  is  the  increasing  differeucc  seen  between  the 
simulations  and  the  ion  trace  for  the  10x10  and  3x5  cm  field  sizes.  One  hypothesis  for 
this  difference  is  that  the  relative  size  of  the  tally  volume  is  a much  larger  percentage  of 
the  total  photon  field  size  as  that  field  size  is  decreased.  The  area  of  the  central  column 
used  for  defining  the  tally  is  3 cm^.  This  corresponds  to  1/3, 3 and  12  percent  of  the 
30x30. 10x10  and  5x5  cm  field  sizes,  respectively.  It  may  be  that  the  tally  is  being 
Influenced  by  the  edges  of  the  field  boundary.  Further  study  is  needed. 

Overall,  the  simulation  geometry  seems  to  have  captured  the  essence  of  the 
physical  space  within  the  beam  path.  Further,  from  the  difference  graphs,  the  energy  of 
the  incident  electrons  would  appear  to  be  in  the  20  to  21  MeV  range.  This  value  is  based 
on  user  judgement  in  evaluating  the  curves.  If  the  30x30  cm  field  size  simulation  is  token 
as  the  most  accurate,  it  would  appear  that  the  incident  electron  energy  is  above  20  MeV. 
Gmnting  that  the  10x10  and  5x5  cm  field  size  simulatiocs  are  not  as  acciuate  they  still 
indicate  that  the  higher  energies  are  becoming  more  divergent  especially  above  21  MeV, 
The  energy  deposition  tally  results  for  each  of  the  seven  incident  electron  energies 
and  for  each  of  the  three  field  sizes  are  shown  in  Figure  5-6  compared  to  their  reflective 
ion  trace.  Again  a Icost  squares  lit  was  used  to  match  each  simulation  result  to  the  ion 
trace.  Similar  to  the  heating  tally  results,  these  graphs  seem  to  indicate  that  the 
simulation  geometry  is  a fairly  accurate  representation  of  the  treatment  head  along  the 
beam  path.  The  discrepancy  near  the  peak  is  discussed  below. 
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Figure  5-6.  ComparisoD  ofiou  chamber  trace  with  calculated  energy  depcsidon  for 
a)  a 30x50  ticld;  b)  a 10x10  ddd:  and  c)  a 5x5  field. 
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The  percent  differences  between  each  energy  deposition  result  and  the  ion  trace 
are  presented  in  Figure  5*7.  Due  to  the  larger  relative  error  in  these  results,  they  do  not 
provide  as  much  insight  as  the  hearing  tallies.  Again  no  error  bars  are  provided  on  the 
graphs  themselves  as  they  would  obscure  the  information  to  be  conveyed.  The  error  bars 
for  the  simulation  results  are  less  than  3 percent.  No  error  httrs  ate  available  for  the  ion 

The  Hrst  discrepancy  causing  concern  is  the  increasingly  poor  match  between  the 
build'Up  region  in  the  simulation  vetsus  the  enperiment.  The  build-up  region  is  volume 
near  the  surface  where  the  electron  population  has  not  reached  equilibrium.  The  results 
for  the  simulation  show  discrepancies  of  approaimalely  30, 40  and  60  percent  diffeience 
in  the  surface  cell  fbrlheS)l5.  IDxlO  and  30x30  cm  field  sizes,  respectively.  This  is  most 
probably  due  to  the  lack  of  air  io  the  simulation  model.  The  air  would  provide  a source 
of  Compton  scattered  electrons  impinging  on  ibe  surface  of  the  water  tank.  This 
explanation  seems  reasonable  as  the  efTect  is  worse  for  increasing  Held  size  where  more 
electrons  would  be  produced  by  this  mechanism. 

The  area  beyond  the  build-up  region  seems  to  substantiate  the  results  of  the 
heating  tally.  The  overall  agreement  in  this  region  is  on  the  order  of  5 percent  or  less. 
Though  it  is  more  difficult  to  observe,  the  same  divergence  seen  in  the  healing  rallies 
seems  to  be  apparent  here.  Due  to  the  larger  relative  errors,  no  conclusions  about  the 
appropriate  incident  electron  energy  can  be  drawn  directly  Ifom  these  graphs  though 
nothing  seems  to  refute  the  conclusions  drawn  Irom  the  heating  tallies. 

The  original  goals  of  Ihc  depth  dose  simulation  were  to  assess  the  incident 
electron  energy  and  the  number  of  electrons  on  target  per  MU.  The  mean  energy  has 


-•-l9MeV  20MeV  -«-2IMeV  Hf-22McV 


rigurt  5-7.  Pcrecni  differences  bciwccti  ion  chamber  trace  and  calculated  energy 
deposition  fors)a  30it30  field;  b)  a 10x10  field;  and  c)  o 5x5  field.  (Percent  difference 
is  computed  as  (trace-calculationl/trace.) 
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been  esrimeled  to  be  in  the  20  to  2 1 MeV  range.  Hemembering  that  ooe  tnomtor  unit 
corresponds  to  one  ceotigray  of  absorbed  dose  at  the  peak  of  tbe  depth  dose  curve  for  the 
10x10  photon  field  size,  Figure  5-8  shows  the  estimate  of  tbe  number  of  electrons  per 
MU  as  a function  of  energy  for  each  of  the  two  tally  approximations.  Based  on  the  etrota 
seen  to  this  point,  10  percentetrorbatsare  included  on  Ihcsc  values.  Taking  the  center  of 
the  expected  energy  range,  the  estimate  of(1.36±0.l4)  J0”  electrons  incident  on  Uie 
target  per  MU  is  predicted. 

The  overall  conclusion  drawn  by  the  depth  dose  comparison  is  that  the 
simularioo's  treatment  of  the  physical  space  in  the  area  of  the  beam  path  is  substantially 
correct.  Based  on  the  results  of  simulations  the  mean  incident  energy  is  estimated  to  be 
(20.5±0.3)  MeV  cotresponding  to  1 1.36±0. 14)- lO”  electrons  on  target  per  MU.  Given  an 
average  dose  rate  of  400-425  MU  per  minute,  this  represents  an  average  of  approximately 
15  microamps  of  beam  current.  This  number  is  a good  sanity  check  for  the  work  so  far  as 
it  makes  physical  sense. 

Activation.  The  experimeotal  data  consists  of  an  estimate  for  both  and 
'"^Au  production  for  four  difterenl  configurations.  Several  of  these  production  rates  have 
been  simulated  via  two  different  methods.  The  final  estimates  of  the  production  rate  for 
both  ‘^Au  and  '^Au  by  experiment  and  by  simulation  are  given  in  Tables  5-2  and  5-3, 
respectively.  How  these  numbers  were  calculated  is  the  subject  of  the  following 
discussion. 

Each  activation  simulation  reports  the  production  rate  in  atoms  produced  per 
electron  incident  on  the  target  per  cubic  centimeter  of  original  atoms.  The  number  of 
electrons  per  MU  was  estimated  in  the  previous  comparison.  Thus  the  production  rate 
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expressed  in  atoms  produced  per  MU  per  cubic  centimeter  encapsulates  the  integnd  result 
of  the  simulations.  For  the  purpose  of  comparison,  it  is  desired  to  express  the 
expenmeitlal  data  into  Ibis  same  format. 

The  raw  data  from  the  experiments  consisted  of  several  sets  of  counts  for  specific 
decays  as  determined  by  gamma-ray  spectroscopy.  The  two  strongest  emission  lines 
from  '“au  decay  are  a 333  keV  gamma  from  24.4  percent  of  the  decays  and  a 355.72 
keV  gamma  from  93.6  percent  of  the  decays.  The  strongest  emission  line  from  '”Au 
decay  is  a 41 1.8  keV  gamma  from  95.53  percent  of  the  decays.  Note  that  the  decay  dala 
used  throughout  this  section  is  taken  from  the  Nuclide  Navigator  program  [104].  The 
GammaVision  software  [105]  used  to  control  the  counting  provides  an  estimate  of  the  net 
counu  for  each  peak  observed.  All  three  of  these  peaks  were  present  and  well  defined  in 
each  conniing  session.  Other  possible  peaks  of  inleresi  were  net  as  well  defined  and 
therefore  ignored. 

Assuming  the  production  rate  is  constant  in  time  over  the  length  of  the  Irradiation, 
the  Dumber  of  counts  seen  is  a function  ofthat  one  value.  Tbeinfbre.  a system  of 
equations  can  be  written  to  express  the  count  rale  us  a function  of  the  production  rate  in 
atoms  produced  per  MU  per  volume  of  sample  atoms.  Simple  algebraic  manipulation  can 
be  used  to  solve  for  the  production  rate  in  terms  of  the  count  rate  and  the  count  rate  can 
be  fed  into  these  equations  to  estimate  Ihe  production  rate  seen  by  each  sample. 

The  number  of  counts  seen  by  the  detector  can  be  calculated  from  Equation  5-1. 
Here,  C is  the  number  uf  counts  observed  and  0 is  the  Due  munbet  of  decays  that 
occurred  during  Ihe  counting  session.  The  dead  lime  is  accounted  for  by  multiplying  by 
the  ratio  of  LT,  the  live  time  of  the  detection  system,  to  RT,  the  real  Dmc  elapsed  during 
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the  counting  session.  BRIsihe  branching  ratio,  i.e.  the  number  of  gamma-rays  of  a 
specified  energy  seen  per  decay.  The  times  and  branching  ratios  are  assumed  to  have 
n^iigible  error. 

The  last  three  factors  in  Equation  3- 1 require  more  significant  explanation. 
Because  the  dimensions  of  the  ingots  are  significant  in  comparison  to  the  mean  free  path 
of  the  gamma-rays,  self  shielding  (SS)  occurs.  The  cotrecllon  factors  used  here  have 
been  computed  by  Monte  Carlo  simulation.  Photons  are  produced  uniformly  within  the 
volume  ofa  mock  ingot  and  the  average  number  which  escape  the  boundary  is  tallied. 
Given  an  ingot  size  of  4.1  x 2.4  x 0.1636  cm  and  a total  mass  of  31.1  g,  the  self-shielding 
factors  are  0.445. 0.477  and  0.541  for  333. 355-72  and4ll.8keV  photons,  respectively. 
Although  the  Monte  Carlo  simulations  for  self  shielding  were  run  to  convergence  and 
negligible  simulation  error,  the  distribution  of  the  photons  in  the  ingot  remains  an 
unknown  and  the  self-shielding  factors  ate  assigned  a 10  percent  uncenalmy. 

Selfshielding  in  the  foils  was  assumed  to  be  negligible  and  assigned  a factor  of 
unity.  Although  self-shielding  effects  might  be  present,  they  should  be  minimal.  An 
uncertainty  of  5 percent  should  be  assigned  to  this  factor. 

The  detector  cRiciency  (Eo)  is  a function  of  the  gamma-ray  energy  and  the 
position  of  the  photon  source  in  relation  to  the  detector.  Two  certified  check  sources. 
'^’Ba  and  '^’Cs.  were  available  to  determine  the  absolute  efficiency  of  the  counting 
system.  Four  decay  lines  were  of  interest.  The  decay  of ’’^Ba  includes  302.71. 355.86 
and  383.7  keV  gamma  rays.  The  decay  of '”Ca  includes  a 661.62  keV  gamma  ray. 

Based  oo  the  counts  rates  observed  from  these  four  lines,  detector  efficiencies  of  0.0504, 
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0.0484  and  0.0437  were  used  for  the  333, 355.72  and  4i  1.8  keV  photons,  ceipeetively. 
The  unccnainty  in  these  efficiencies  is  estimated  to  be  10  perceoL 

Atlhe  time  the  counts  were  taken,  it  was  nol  contemplated  that  the  large  finite 
size  of  the  ingot  samples  would  have  an  effect  other  than  self-shielding.  During  the  final 
analysis,  it  was  discovered  that  the  values  estimated  by  the  foils  and  the  ingots  differed 
significantly.  The  only  reasonable  suspect  for  such  a difference  was  the  much  larger  size 
of  the  ingots  leading  to  a diflerent  detector  efficiency  than  a point  source.  Therefore  a 
finite  size  fFS)  foetor  has  been  added  to  the  equarion. 


Working  back  towards  the  production  rate,  the  next  step  is  to  relate  the  true 
number  of  decays  (D)  to  the  number  of  atoms  present  at  the  start  of  the  counting  session 
(Nt).  The  flection  of  atoms  that  survive  the  counting  session  is  given  by  the  familiar 
exponential  decay  lerm.  Tsc  and  Tec  are  the  start  and  end  time  for  the  counting  session, 
respectively.  The  decay  conslant  X is  found  in  many  sources  and  the  values  l.30E-7and 
2.97E-7  per  second  are  used  for  '**Au  and  '”Au,  respectively.  The  relation  describing 
ibe  number  of  decays  Is  written  in  full  in  Equation  5-2.  The  times  and  decay  constants 
are  assumed  to  have  negligible  error. 


The  total  number  of  atoms  of  interest  in  the  sample  at  the  beginning  of  the 
counting  session  is  a function  of  the  number  of  atoms  produced  in  each  iimdialion  and 
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(M) 


(5-2) 


their  subsequent  decay.  The  total  present  at  the  start  of  the  counting  sessions  is  the  sum 
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of  each  of  Ihc  individual  coniribuHons  os  shown  in  Equation  5-3.  Np.,  is  ihe  number 
produced  during  irradialion  i.  The  eiponential  decoy  term  accounia  for  Ihe  number  lhal 
decayed  between  the  end  of  the  irradiation  {Tej)  and  the  scan  of  the  counting 
se$sion(Tsc)-  Again,  the  times  and  decay  constants  are  assumed  to  have  negligible  error. 

(5-3) 

Finally,  the  number  of  atoms  produced  iham  the  irradiation  is  a direct  function  of 
the  production  rate  os  shown  in  Equation  5-4.  The  production  rate  is  given  in  units  of 
atoms  produced  per  volumefV)  of  sample  per  dose(AD,)  as  measured  in  MU.  The  rare  is 
in  terms  of  MU.  as  opposed  to  electrons,  as  lhal  is  the  experimeotal  measure  of  the 
amount  ofirradiation.  Thedecay  of atoms  during  the  irradiation  lime  is  ignored.  Thiais 
Justified  by  the  fact  that  less  than  one-quarter  of  one  percent  of  Ihe  atoms  produced 
during  any  given  irradiation  decay  befbm  Ihe  end  of  the  Irradialion.  The  volume  and  the 
dose  are  assumed  lo  have  negligible  error. 

Npj  = P V-4D,  (5-4) 

The  linear  system  of  equations  relating  the  production  rate  to  the  coiini  rale  has 
now  been  established.  It  is  a triviaJ  matter  to  solve  for  Ihe  production  tale  in  terms  of  the 
count  rale.  The  uncertainty  of  the  count  roles  varies  by  gammo-rayand  by  counting 
session  but  on  the  whole  is  less  dian  one  percent  for  the  ingots  and  a few  percent  for  the 
foils.  The  issue  of  the  finite  size  factor  has  not  been  resolved  and  is  leA  for  further 
discussion  below. 

The  five  configurations  for  the  simulations  have  been  described  above.  The  final 
results  are  production  rales  as  a function  of  incident  electron  energy  given  in  units  of 


atoms  produced  per  electron  per  volume  of  sample.  'Hicee  are  changed  to  uniu  of  atoms 
produced  per  MU  pet  volume  by  multiplying  the  Dumber  of  electrons  per  MU  as 
estimated  in  the  previous  set  of  simulations.  The  uncertainty  in  the  number  of  electrons 
per  MU  is  estimated  to  be  10  percent  The  uncertauity  in  the  simulations  is  discussed  in 
more  detail  below. 

The  first  experimental  configuration  simulated  was  the  bare  ingot  at  isocenier. 
Simulations  were  run  to  calculate  production  of  '^Au  using  MCNP4BPN  and  production 
of  '*Au  using  MCNP4BPN  and  MCNP4BNU.  The  results  of  the  simulations  are  shown 
in  Figures  5-9  through  5-1 1,  respectively. 

For  all  of  the  simulations  calculating  the  production  mte  of '*Au  using  both 
MCNP4BPN  and  MCNP4BNU.  almost  nodineience  wasseen.  This  can  be  attributed  to 
the  fact  that  the  gross  photon  tninspon  characteristics  are  unaffected  by  the  presence  or 
abseoce  of  the  pholonuclear  portion  of  the  photon  cross  section.  It  also  indicates  that  the 
changes  in  electron  transport  and  bTumsstrablung  production  from  version  4B  to  4BNU 
do  not  significantly  affect  this  simulation.  Therefore,  while  both  sets  of  results  will 
cootioue  to  be  shown,  their  results  are  discussed  without  differentiating  between  the  two. 

Similar  to  the  depth  dose  simulation,  the  production  rule  of '*Au  depends  mainly 
on  the  clcctron-phoion  transport  thtougb  the  treotmeni  hood  in  the  vicinity  of  the  beam 
path.  The  point  estimates  of  the  production  rate  in  the  beam  path  indicate  that  the  high- 
energy  photon  flux  in  this  region  is  fairly  unlfoim.  The  experimental  values  also  confirm 
this,  ft  is  also  evident  from  the  simulations  that  self  shielding  m the  ingots  bus  an  effect 
though  in  this  case  it  changes  the  results  by  less  than  1 0 percent.  The  best  estimate  of  the 
production  rare  for  '^Au  is  1. 49-10*^  atomsfefee  from  the  volume  estimate  (the  track 
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length  tally)  and  its  uncertainty  is  estimated  to  be  2S  percent.  This  uncertainly  derives 
mainly  from  uaceitainties  in  the  '’’Au{T,n)”‘Au  cross  section. 

The  production  rate  of  ‘^'Au  is  very  sensitive  to  the  production  and  transport  of 
the  neutrons.  For  the  reasons  discussed  above,  oil  the  slmulatioiis  attempting  to  simulate 
Uiepioduciionof ‘’’Auhaveahigh  level  of  uncenninty.  It  would  be  fair  to  say  that  these 
simulations  represents  an  accurate  solution  of  the  problem  described  but  that  ibe  problem 
described  is  Incomplete.  It  is  still  worth  discussing  the  results  and  drawing  some 
conclusions. 

Forproducllonof '’*Au  in  the  bare  iogol  at  isocenter,  both  the  simulation  using 
point  estimates  and  the  simulation  using  a volume  estimator  give  reasonable  results. 
However,  these  results  are  a factor  of  four  dificrent.  This  con  be  attributed  to  self 
shielding  in  the  gold  ingot  causing  leas  neutron  flux  to  be  seen  within  the  larger  volume. 
The  volume  estimate  is  clearly  the  best  choice  due  to  the  self  shielding  in  the  sample. 

The  production  rate  of  ^^Au  is  estimated  tobe  fi.lhTO'^alomste/cc  and  the  uncertainty  is 
estimated  to  be  a factor  of  three. 

The  second  experimental  configuiaiiDn  simulated  was  the  moderated  ingot  at 
isocenter.  Simulations  were  run  lo  calculate  producticn  of  ‘^Au  using  MCNP4BPN  and 
production  of  ”‘Au  using  MCNP4BPN  and  MCNP4BNU.  The  results  of  the  simulations 
arc  shown  in  Figures  d-12lhiough  2-14,  respectively. 

The  presence  of  the  modcralor  block  reduces  the  higb-ene^  photon  Dux 
available  for  production  of  '*Au.  However,  the  results  are  very  similar  lo  those  obtained 
for  the  bare  ingot.  One  difference  is  that  the  pciol  detectors  ore  subject  to  more  high 
weight  variations  in  this  region  and  therefore  more  subject  to  error.  Self  shielding  in  the 
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sample  volume  (till  reduces  the  aclivalloabysomeltiing  less  than  IDperceut.  The 
volume  estimate  gives  a value  of  I.22-10'’ atoms/e/cc  for  the  '*Au  production  rate  and 
the  estimated  uncertain  is  about  2S  percent. 

The  presence  of  the  moderator  block  dramatically  alters  which  neutrons  are 
causing  activation  in  the  sample.  In  the  bare  ingot,  thermal  neutrons  scatiercd  wilhln  the 
room  are  readily  available  fur  absorption  within  the  gold.  The  mean  from  path  for  the 
average  neutron  in  the  moderator  block  is  about  O.S  cm.  This  means  that  any  room 
scattered  neutron  must  penetrslea  minimum  of  16  mean  free  paths  lo  contribute  to 
production  of '”Au.  However,  high-energy  source  neutrons  have  a longer  mean  free 
path  and  can  mom  readily  penetrale  to  the  center  of  the  moderator,  in  ibis  some  process, 
they  are  ihermalised  such  that  they  ate  more  easily  absorbed  in  the  gold.  Again  the 
volume  estimate  is  used  for  the  final  results.  The  production  late  of '”Au  is  estimated  to 
be  2.10-10'*  atoms/e/cc  and  the  uncertainty  is  estimated  to  be  a factor  of  three. 

The  third  experimental  configuration  simululed  was  the  moderated  foils 
distributed  in  the  cross-plane.  Simulations  were  run  to  calculate  production  of  '’’Au 
using  MCNP4BPN  and  production  of  "‘Au  using  MCNP4BPN  andMCNP4BNU.  The 
results  for  all  the  foils  were  obtained  using  point  detectors.  Unforrunalely,  point 
detectors  ore  subject  to  large  errors  as  described  above.  Therefore,  these  results  did  not 
prove  as  generally  useful  as  those  from  the  Ingots.  However,  they  did  provide  some 
insight  into  the  modeling  and,  most  impohantiy,  insight  into  the  probable  value  for  the 
finite  size  factor. 

The  production  rate  of '^Au  in  the  foils  drops  dramatically  outside  the  region  of 
the  photon  field.  In  fact,  due  to  the  low  exposure  of  those  foils  outside  this  region  the 
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cxpcnmcntal  data  Is  virtually  incaniDgless.  However,  the  two  foils  located  In  the  primary 
beam  path  provide  some  useful  data.  The  eimulation  results  for  these  foils  ore  presented 
in  Figures  5-13  and  5-14.  The  point  estimate  at  isocenter  and  3 cm  radially  outward 
along  the  cross-plane  show  esseotially  the  same  result.  These  estimates  give  a value  of 
1.23  I0‘’atoms/e/cc  for  the  '“Au  production  rote  and  the  estimated  uncertain  is  about  25 
percent. 

It  should  be  remembered  that  small,  thin  foils  are  typically  used  for  activation 
analysis  because  their  size  closely  resembles  the  calibration  sources  used  to  determine 
detector  efficiency.  Selfshiclding  and  finite  size  typically  are  not  considered  as 
significant  factors  In  computing  the  activation  in  the  sample  bused  on  the  decays  counted. 

it  can  be  shown  that  the  foils  used  in  this  mtperimemdo  not  appear  to  suffer  from 
selfshiclding  or  finite  size  effects.  Talcing  the  selfshiclding  and  finite  size  factors  to  be 
unity  for  the  foils,  the  experimental  value  for  the  '^Au  production  rate  in  samples  I and  2 
is  approximately  1.64*  10^  atomsiMU/cc  with  an  uncertainty  of  12  percent.  The  point 
detector  estimation  of  the  production  rate  is  U6*I0*^  atoms/e/cc  with  an  uncertainty  of 
about  25  percenL  Using  the  electron  per  MU  value  from  above,  this  corresponds  to  a 
production  rata  of  1,85'K/aloms'MU/cc.  This  is  a satisfactory  match  between  the 
experimental  and  simulation  values.  It  continues  to  enforce  the  conclusion  that  the 
electron-photon  transport  through  the  treatment  head  to  the  region  around  isocenter  is 
accurately  modeled. 

Knowing  that  the  simulation  model  appears  to  be  accurately  representing  the 
electron-photon  transport,  the  ”‘Au  production  calculated  can  be  taken  as  sufficiently 
near  truth.  The  moderated  foil  and  moderated  ingot  simulations  give  results  that  are 
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within  10  peitcitt  of  ctoch  other.  This  indicates  that  the  experiinental  production  rales 
should  be  within  that  same  error  margin.  Taking  self'Shielding  as  computed  above,  the 
experimental  value  from  the  ingot  iso  factor  ofl  .6  too  high  when  compared  to  the  value 
from  the  foil.  Based  on  the  match  between  the  foil  estimate  and  ibe  simulation,  the 
simulation  for  the  Ingot  should  be  substantially  correct.  Therefore  a value  of  1 .6  is 
estimaied  for  the  finite  size  factor  and  used  in  ealeulating  the  experimental  produebon 
rale  from  the  ingot  samples.  As  the  estimate  of  the  finite  size  value  is  based  only  on  Ibis 
one  data  pnint,  it  is  assigned  a SO  percent  uncertainty.  At  a later  date,  this  study  should 
be  redone  using  nnly  foils  in  order  to  avoid  having  to  use  a value  like  this. 

The  production  rate  of '^Au  in  the  foils  as  estimated  from  the  simulation  is  nearly 
worthless.  The  polni  deleclors  used  for  this  estimate  were  subject  to  large  fluctuations 
due  to  Ihe  problems  described  earlier.  Using  a healthy  dose  of  user  judgement,  the 
production  rale  of  ”Au  is  estimated  to  be  S.Tb-lO'^  oroms/e/cc  and  the  uncertainty  is 
estimated  to  be  a factor  of  three. 

Though  the  remaining  foils  have  been  eliminated  from  the  major  comparison, 
they  are  wortli  considering  for  a moment  longer.  The  experimental  data  show  a trend  in 
the  moderator  block  that  Ihe  '^Au  production  Is  highest  In  the  main  beam  path  where 
high-energy  neutrons  can  traverse  the  treotmenl  head  with  little  downscaoer.  Figure  6-15 
shows  that  the  simulation  reproduces  this  trend  though  not  as  well  defloed  as  the 
expenmenlal  data. 


maze  corridor.  Simulations  were  i 


tion  simulated  was  the  bare  ingot  located  in  the 
I calculate  production  of '”Au  using  MCNP4BPN 
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and  produeiionof '’*Au  using  MCNP4BPN  and  MCNP4BNU.  The  results  of  ihc 
siniulaiions  are  shown  in  Figures  S-I6  through  5-18.  respectively. 

The  production  rale  of  ”‘Au  in  the  ingot  located  in  the  maze  is  onticipoled  to  be 
very  low.  It  is  expected  that  the  only  signiricani  contributions  from  the  radiation  source 
as  modeled  will  be  for  electrons  that  have  scattered  such  that  they  can  produce 
bremsstmhlung  heading  towards  the  sample.  The  volume  estimate  gives  a '^Au 
production  rate  of  4.65*  10'*^  atoms/e/cc  and  an  estimated  uncertain  of  28  percent. 

The  production  rale  of  "'Au  in  the  ingot  located  in  the  maze  is  anticipated  to  be 
significant.  Neutrons  scatter  off  concrete  very  well  and  the  maze  comdor  presents  an 
Ideal  streaming  path.  The  volume  estimate  gives  a '”Au  production  rate  of  7.83- lO  '* 
atoma^e/cc  and  the  uncertainty  is  estimated  to  be  a factor  of  three. 

With  all  of  the  assumptions  going  inio  Ihc  experimental  and  simulation 
production  rates  now  documented,  the  final  values  can  be  compared  and  conclusions 
drawn.  T^lcs  8-2  and  8-3  present  the  final  values  for  the  production  rates  of '^Au  and 
'°'au.  res]}eciively.  The  values  are  tabulated  in  units  of  atoms  produced  per  monitor  unit 
percubic  centimeter  of  gold  sample.  The  ratio  of  the  values  is  given  to  aid  In 


Table  8-2.  Expenmenlal  and  simulated  production  rates  of '^Au  for  four  configurations. 


Configuration 

Production  Rale  l'*Au/MU/c 

c'"au1 

SimulaiiOD  fSl 

S/E 

Sample  II 

Barr  Inpot  ar  IsnrrnUf 

|l.68±0.94)f0“ 

(2.03±0.5l)l0“ 

1.080 

Sample  12 

Modcrared  Invert  at  Isnrrnlrr 

(i.esto.s:)!!)* 

(l.71±0.43)  I0‘ 

1.049 

Samples  1 & 2 

Moderated  Foil  Near  Isnrenler 

(I.64±0.I8)  IQ* 

(I.85±0.46)f0‘ 

1.128 

Sample  13 
Bare  Ineot  in  Maze 

(I.84±0.92)10‘ 

(6.33±l.88)ltf’ 

3-10'' 
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The  produclion  rale  of  '’‘Au  suppoiU  the  condueien  that  the  electron-phoioD 
tianspon  through  theprlniaiy  beam  path  in  the  trcaDoent  head  is  accurately  simulated  by 
this  model.  The  comparison  shows  three  matches  within  15  percent  difference  which  is 
in  turn  well  within  the  accuracy  of  the  iodividual  values.  The  only  anomaly  is  the 
production  rate  in  the  sample  in  the  maze. 

From  the  discussioo  above,  it  should  be  remembered  that  the  secondary  objective 
of  the  sample  in  the  maze  was  to  determine  if  high-eoergy  photons  were  being  produced 
outside  of  the  target  area.  The  eapcrimental  production  rate  for  that  sample  is  four  orders 
of  magnitude  greater  than  the  simulation.  This  Is  a clear  indication  that  there  is  either  an 
unknown  streaming  paththroagh  the  primary  collimator,  an  unlikely  situation,  or  that 
there  Is  another  source  of  high-energy  bremsstmhiung  photons.  It  Is  believed  that  there  is 
a secondary  source  and  that  the  source  is  the  energy  seleotioo  slit  in  the  bending  magnet 
system.  Due  to  their  initial  direction  and  the  shielding  in  their  path,  photons  produced  at 
the  energy  selection  slit  would  not  significantly  affect  the  photon  flux  in  the  beam  path 
near  Isocenier.  However,  ifsuch  photons  are  being  produced,  they  could  represent  a 
slgniricanlsourceofhlgb'energy  photons,  and  thus  photoneutrons,  that  are  not  Included 
within  thl.s  model.  The  experimental  observation  of  high-energy  photons  in  the  maze 
supports  this  hypothesis. 

The  production  rate  of  ”“Au  suppoits  the  conclusion  that  the  electron-photon- 
neutron  model  is  inadequate  to  simulate  neutron  estimates  with  an  uncertainty  of  less 
than  a factor  of  three.  This  uncertainly  was  derived  Ifom  these  final  numbers  although  it 
has  been  quoted  in  tbe  discussion  above.  With  that  said,  this  methodology  still  represents 
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Table  5-3.  E«[>erimenlai  and  simulated  production  rotes  of '”Au  for  four  configurations. 


Configuration 

Productio 

Rate  ('’■Au/MU/cc‘"AuI 

ExDenmenl  lEi 

Simulation  fSl 

S/E 

Sample  II 

Bare  Incol  at  Isocenier 

(4.6712,34)10' 

(8.40±x.xx)-10‘ 

1.799 

Sample  12 

Moderated  Inoot  at  Isocenier 

(5.3712.69)  10’ 

(2.86lxjtx)10“ 

0.533 

Samples  1 & 2 

Moderated  Foil  Near  Isocenter 

(2-2810.25)10“ 

(1.I4±5S.XX)-I0‘ 

0.500 

Sample  13 
Bare  Invoi  in  Maze 

(3.3011.65)  10“ 

(l.07±x.xx)10“ 

3.242 

a giant  leap  forward  in  the  state-of-the-art  for  simulating  these  quantities  in  that  coupled 
simulations  can  be  run  and  an  accurate  assessment  of  their  unceraainty  is  available. 
Further,  the  data  make  clear  the  areas  of  highest  concern  and  help  to  prioritize  future 
woiic  to  improve  the  accuracy  of  this  simulatioo  model. 

The  final  conclusion  from  the  '^Au  production  data  above  indicate  the  possible 
existence  of  a photoneuiron  source  not  modeled  In  the  current  simulation.  The 
comparison  for  the  moderated  foil  and  the  moderated  ingot  both  indicate  that  the  neutron 
production  is  too  low,  possibly  by  a factor  of  two.  These  rwo  bits  of  evidence  lend 
credence  to  the  hypothesis  that  the  energy  selection  slit  is  a significant  source  of  high- 
energy  photons  and  therefore  pholoneuirons.  This  should  be  one  of  the  first  areas 
addressed  by  future  work. 

Further,  from  the  '^^Au  production  data  it  is  concluded  that  the  simulation  of 
neutron  scattering  and  absorption  is  inadequate.  During  the  course  of  this  study,  many 
variations  of  physical  geometry  and  materials  were  explored.  It  wtus  found  from  these 
studios  that  the  scattered  neutron  flux  was  most  sensitive  to  the  materials,  in  particular 
tungsten,  in  the  traaiment  head  outside  the  primaiy  beam  path.  With  no  other  changes. 


the  '’”Au  production  in  the  hare  ingot  si  i^ocemer  could  be  reduced  by  a factor  of  tbt^e 
by  realistic  increases  in  the  size  of  the  primary  collimator.  This  is  primarily  due  to  the 
lad  that  tungsten  has  an  thermal  absoiption  cross  section  two  orders  of  magnirude  greater 
than  lead.  Placement  of  lead  throughout  tbe  treatment  head  bad  a lessor,  tbough  still 
significant.  elTed.  One  of  the  recommendations  discussed  above  is  to  visually  inspect  tbe 
Treatment  head  in  older  to  obtain  an  accurate  model  of  the  shielding  outside  the  beam 

Several  other  fodois  also  have  a significant,  though  smaller,  impact  on  the 
neutron  scattering  and  absorption.  Once  the  two  questions  raised  above  have  been 
answered,  Ibe  lesser  problems  will  become  more  imponant  to  solve.  Included  In  this  is 
on  accurate  description  of  the  finished  wall.  Every  scattered  neutron  rraverses  this 
geometry  numerous  times.  If  any  material  with  a significejit  capture  cross  secrion  exists 
within  the  general  wall-board,  it  will  have  an  impact.  The  main  body  of  the  occcleietor 
and  the  partition  wall  of  the  machine  closet  represent  o significant  amount  of  material 
available  to  scatter  or  absorb  neutrons.  These  and  possibly  other  materials  in  the  room 
will  eventually  have  to  be  modeled.  Lost,  as  new  cross-section  data  becomes  available, 
the  description  of  the  neutron  production  will  Improve. 

Implications 

Now  that  the  region  of  a^licability  for  this  simulation  model  is  known,  it  can  be 
applied  to  the  general  problems  at  hand.  In  particular,  two  pressing  questions  exist  The 
first  Is  to  estimate  the  dose  due  to  photoneutrons  around  the  MEA.  The  second  is 
evaluate  the  relative  contributions  from  the  photon  and  neutron  components  of  the  dose 


as  the  mean  electron  ene^y  is  increased.  These  two  questions  are  addressed 
simultaneously  in  this  section. 

For  the  purpose  of  addressing  these  questions,  the  physical  model  used  for  the 
activation  simulations  is  used  without  change.  In  reality,  the  accelerator  would  be 
redesigned  for  any  significant  change  in  the  incident  electron  energy  in  order  to  provide 
an  appropriate  photon  field  in  dint  target  area.  However,  that  is  beyond  the  scopeof  this 

For  the  purpose  of  calculating  the  dose,  the  electron-photon  dose  and  (he  neutron 
dose  are  calculated  separately.  Similar  to  the  studies  performed  above,  MCNP4BKU  Is 
used  for  the  electron-photon  transport  problem  and  MNCP4BPN  is  used  for  the  elcctron- 
photon-nculron  transpon  problem.  The  dose  is  estimated  using  point  detector  tallies 
multiplied  by  appropriate  flus-lo-cfTective-dose  conversion  faciora.  The  conversion 
foctors  are  taken  from  a tabulation  by  Rogers  [ 1 06|  for  photons  and  the  tabulation  by  the 
ICRU  [107]  for  neutrons.  A hidden  assumption  necessary  for  this  comparison  is  that  the 
number  of  electrons  on  target  slays  constant  (1.36  lO’’)  throughout  these  calculations. 

Figure  5-19  shows  the  dose  at  isocenter  over  the  mean  electron  energy  range  10  to 
1 00  MeV.  Note  that  both  the  photon  and  ncuSon  dose  are  not  strongly  dependent  on  the 
field  size.  Field  size  is  Ihereforc  ignored  in  the  following  discussion  despite  the  fact  that 
it  is  included  for  each  of  the  graphs.  It  eon  be  observed  that  the  ratio  of  the  photon  to 
neutron  dose  remains  fairly  constant  in  this  comparison. 

The  neutron  dose  at  isocenter  is  approximately  three  orders  of  magnitude  below 
the  photon  dose.  This  is  as  it  should  be.  Many  stale  regulations  specify  an  upper  limit  of 
0.19k  of  the  dose  from  neuhons.  However,  the  figure  shows  that  the  two  curves  converge 
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somewhat  Id  ihe  IS  loSOMcV  raoge  with  the  point  of  closest  opproaeh  arounil  20  to  2S 
MeV.  The  ratio  in  this  energy  range  is  around  0.0035  to  0,005,  slightly  above  what  is 
desired.  While  Ihls  is  of  concera.  it  should  be  reviewed  with  the  understanding  that  there 
is  a large  uncertainty  in  the  calculated  value. 

Figures  S'20  through  5*22  present  the  dose  at  one  meter  above,  in  front  of  and  to 
the  side  of  the  electron  mrget,  respectively.  As  might  be  expected  due  to  the  synunetnc 
nature  of  the  treatment  head  model,  they  show  very  similar  results.  Of  significant  note  is 
that  the  neutron  dose  quickly  exceeds  the  0.1%  lliml  desired.  This  is  due  to  the  lack  of 
shielding  around  the  trearment  head  and  can  be  remedied. 

It  is  also  worth  noting  that  the  photon  dose  is  relatively  flat  In  these  locations.  In 
fact,  the  photon  dose  is  relatively  flat  for  all  locations  except  at  isocemer.  This  is  useful 
because  It  Indicates  that  photon  shielding  in  place  is  adequate  for  this  entire  energy 

The  neutron  dose  becomes  the  primory  shielding  problem  in  the  maze  corridor. 
This  is  nor  unexpected.  The  neutron's  ability  to  scatter  and  utilize  streaming  paths  has 
already  been  discussed.  The  purpose  of  the  maze  Is  to  create  a longer  distance  between 
their  inception  and  dieir  leakage  into  occupied  areas.  Figures  5-23  and  5-24  show  the 
dose  at  both  extremities  of  the  maze  corridor. 

The  effective  dose  calculated  at  the  entrance  door  for  a typical  2000  MU 
treatment  is  0.001  cSv(l  millirem).  This  calculation  is  loo  high  and  again  argues  that 
more  work  is  needed  to  create  a more  detailed  simulation  model.  The  error  is  probably 
due  to  the  large  uncenainiies  in  the  neutron  shielding  around  the  treaRncnl  head  and  the 
uncertainties  In  modeling  possible  neutron  absoibeta  in  the  room  and  maze. 
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CHAPTER  6 

SUMMARY  AND  CONCLUSIONS 


The  development  and  impletnentalion  of  a systematic  tteattnentofphotonuclcar 
physics  for  use  in  coupled  photon-neutron  simulations  has  been  presented.  This 
copabihty  is  based  on  the  use  of  evaluated  photonuclear  data  to  enable  Monte  Carlo 
sampling  oftabulated  data  describing  photonuclear  interactions  and  the  resultant 
products.  As  such,  it  represents  the  state-of-the  art  in  simulation  capability  using  the 
most  accurate  data  available.  These  new  developments  have  been  assessed  through  the 
process  of  veriftcation  and  validation.  AddiUotially,  on  initial  application  to  the 
simulation  of  medical  electron  accelerators  (MEAs)  has  been  presented. 

The  Evaluated  Nuclear  Data  File  (ENDF)  formal  is  the  international  standard  for 
lepresemation  of  nuclear  cross-section  data  io  a complete  manner.  The  Cross  Section 
Evaluation  Working  Group  (CSEWG)  of  the  National  Nuclettr  Data  Center  (NNDC) 
maintains  ENDF/B-VI  data  library  containing  the  recommended  values  for  the  United 
Stales.  For  the  first  time  ever,  evaluated  photonuclear  data  have  been  made  available  in 
this  formal  and  they  are  undergoing  review  for  inclusion  inio  the  ENDF/B  library. 

The  Nuclear  Theory  and  Applications  Croup  of  the  Los  Alamos  National 
Laboratory  has  created  the  Los  Alamos  LA  150  cross-secdon  evalualion  library  that 
includes  evaluated  data  up  to  150  MeV  tncidenl  energy  for  photonuclear  interactions  with 
selected  motcrials.  The  evaluated  data  provided  are  complete  descriptions  of  all  possible 
photonuclear  reactions.  That  is,  the  absorption  of  the  photon  and  the  subsequent 
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emission  of  all  secondary  pamcles  is  bandied  in  a self-consistent  manner  to  describe  tbe 
spectra  of  all  emission  producu.  not  just  neunons.  It  is  expected  ibat  these  new 
photomiclear  evaluations  will  be  formally  accepted  for  inclusion  in  the  ENDF/B-VI 
library  by  CSEWG  at  a fotlhcoming  meeting. 

Funber.  the  International  Atomic  Eneigy  Agency  (IAEA)  has  maintained  a 
Coordinated  Research  Project  over  the  last  three  yearn  with  the  goal  to  establish  an 
internationally  accepted  evalualed  pholonuclear  library.  That  library  and  its  associated 
report  ate  expected  to  be  released  later  in  2000  and  will  bclude  the  evaJuatinns  in  ENDF 
format  for  the  major  isotopes  of  interest  for  pholoneutron  production.  The  newly 
svailablc  evaluated  data  from  both  T<2  and  IAEA  represents  a f1rst-of-a-kind 
advancement  in  this  field  that  will  help  bring  the  accuracy  to  pholonuclear  simulations 
tliat  was  previously  available  only  to  neutron,  electron  and  photoaiomic  simulations. 

The  Monte  Carlo  N-Panicle  (MCNP)  radiation  transpon  code  has  long 
represented  the  state-of-the-art  in  neutron,  electron  and  photoatomic  transport 
simulations.  The  repulation  uflhis  code  is  in  large  measure  due  to  tbe  quality  of  the  data 
underlying  the  calculations.  Tbe  MCNP  code  uses  tabular  data  that  include  inieracliun 
probabilities  with  complete  descriptions  of  the  resultant  products.  These  data  are 
maintained  in  A Compact  ENDF  (ACE)  format  derived  from  evalualed  data  in  ENDF 
format.  The  current  work  has  defined  n new  doss  of  ACE  table  for  the  inclusion  of 
pholonuclear  data  and  presented  a simple  data  processing  code  for  the  conversion  of 
ENDF  evaluated  pholonuclear  data  into  this  new  ACE  format.  The  LAI  50  pholonuclear 
data  available  have  been  processed  in  this  manner. 


The  iinplemeDiatjoii  of  photonuclear  interactions  into  MCNP  has  also  been 
presented.  This  included  the  dellnitioti  of  new  user  interface  options  for  specifying  the 
photonuclcar  data  to  be  used  in  a transport  simulalioo.  The  standard  definitions  available 
in  MCNP  have  been  extended  to  accept  the  specification  of  phoionuclear  tables  and 
libraries.  In  addition,  since  evaluated  pbotonucleardaia  may  oot  exist  for  the 
corresponding  neutron  data,  provisions  havebeeo  added  to  allow  the  code  user  to  specify 
the  most  accurate  neutron  and  phoionuclear  data  separately.  The  setup  and  storage 
sections  of  the  code  have  been  updated  sucb  that  the  tabular  data  specified  for  use  is  read 
into  memory  in  the  standard  manner. 

With  the  introduclion  of  complete  evaluated  data  and  their  conversion  into  ACE 
furtnaned  tables,  the  sampling  of  emission  panicles  fhiDi  phoionuclear  absorption  can  be 
performed  using  the  existing  ACE  sampling  routines.  Slight  modifications  to  these 
routines  were  necessary  to  ensure  the  appropriate  handling  of  new  incident  and  emitted 
particle  rypes.  These  modified  rouiines  have  the  additional  benefit  of  immediate  use  for 
sampling  nuclear  mteraction  Bom  new  tabular  proton  data  within  the  MCNPX  code. 

The  photon  collision  routines  within  MCNP  have  been  updated  to  include 
sampling  of  phoionuclear  inleraclioas.  This  includes  accounting  for  the  phoionuclear 
cross  section  in  the  disnmce<io.colli5ion  caJeulation  and  appnipriately  sampling 
secondary  particles  produced  from  a phoionuclear  coUision.  This  coding  is  fully 
integrated  such  that  coupled  simulation  ofpholon*ncutron  transport  uses  the  standard 
MCNP  framewodt  of  rouiines.  This  means  that  tallies,  variance  roducricn  techniques  and 
summary  informarion  all  reflect  the  coupled  simulation. 
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Since  ihepholonuclearliileTaction  is  a rare  event,  a biasing  scheme  has  been 
introduced  to  increase  the  sampling  of  these  events.  The  code  user  now  has  the  ability  to 
simulate  ^e  pholonuclcar  contribution  to  the  radiation  field  every  photon  collision. 
Further,  the  photonuclcar  collision  routine  has  been  integrated  with  the  standard  MCNP 
weight-window  scheme  to  etuturc  that  particle  weights  pholonuclear  production  do 
not  unnecessarily  introduce  large  variorions  in  the  tally  results.  These  enhancements 
signiricasily  reduce  the  cnmpuutionni  run-times  necessary  to  achieve  slalisiically  valid 

The  accuracy  of  theteaulu  from  the  new  ability  to  simulate  coupled  photon- 
neutron  radiation  transpoit  has  also  been  appraised.  Verification  of  the  coding  was  done 
to  ensure  that  the  newly  implemented  algnriihins  performed  as  expected.  Validation  of 
the  new  data  was  achieved  by  comparison  of  simulation  results  with  two  sets  of  data 
found  in  the  literature. 

The  National  Council  on  Radiation  Protection  and  Mca.suremcnt  (NCRP) 
provided  recommendabons  for  assessing  the  neutron  production  and  transport  around 
medical  electron  accelerators  [2].  This  report  recommends  the  method  developed  by 
Swanson  [31,32]  for  estimating  neutron  production.  Swanson’s  work  documents  neutron 
yields  from  electrons  incident  on  selecled  materials.  Comparison  of  calculated  yields 
from  the  current  work  to  Swanson's  revised  [32]  values  shows  that  the  current 
methodology  is  able  to  accumlely  assess  the  neutron  production  within  the  uncertainty  of 
the  underlying  experimental  data. 

The  expenmenial  measutemenis  of  Barber  and  George  [58]  are  the  defining 
bcDChmuik  for  oeutrun  production  from  electrons  incident  on  selected  materials. 
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Componson  between  the  current  cnlculated  yields  and  the  reported  values  shows 
agreement  to  better  than  25  percent.  These  results  directly  validate  those  materials  for 
which  tabular  data  and  esperimental  measurement  were  available.  They  indirectly 
validate  the  methodology  used  to  create  the  tabular  data  and  provide  a basis  for 
hypothesizing  that  all  the  available  data  arc  probably  accurate  to  25  percent  for  the 
prediction  of  neutron  production.  Further  benchmark  data  will  be  necessary  to  directly 
conclude  this.  It  should  be  noted  that  the  difRculties  in  assessing  nuclear  inicractions  arc 
well  known  and  for  this  problem  25  pcrceni  uncertainty  is  considered  an  eacellent  first 

Ad  initial  study  has  been  prepared  to  determine  the  course  future  work  should 
take  for  the  accurate  assessment  of  the  neutron  environment  around  medical  electron 
accelerators.  During  the  course  of  this  study,  it  was  demonsttated  that  the  elccDon- 
photon  component  of  the  MEA  treatment  beam  is  accurately  modeled  using  cutrcnl 
simulation  techniques. 

However,  despite  the  availability  of  a coupled  simulation  code  and  evaluated 
pholonuclear  data,  the  current  simulations  are  unable  to  reproduce  experimental 
meosuremenU  of  neutron  flux  around  the  MEA  with  an  accuracy  better  than  a firctor  of 
three.  It  is  coneludcd  that  this  is  primarily  due  to  limitations  In  the  simulation  model's 
description  of  the  materials  and  their  placement  within  the  treatment  head  of  the  MEA 
and  to  a lesser  extent  the  placement  of  materials  within  the  surrounding  room.  The  lack 
of  certain  isotopic  evaluations  in  the  current  photonuclear  library  also  introduces  a source 
of  eiTDc  thuugh  cantributions  From  this  source  are  expected  to  be  less  than  those 
mentioned  above.  Therefore,  the  first  task  that  must  be  completed  by  future  work  is  ttae 
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more  accureie  modeling  of  the  physicel  apace  around  the  medical  electron  accelerator 
than  has  been  necessary  for  elcctron*photon  simulation. 

Some  interesting  results  have  been  obtained  Irom  the  medical  electron  acceleralor 
simulation  model  currently  available.  It  was  shown  that  the  neutron  dose  to  a patient 
during  0 typical  radiotherapy  trealxnent  using  high-energy  photons  (20  to  25  MeV)  is  on 
the  borderline  of  what  is  generally  considered  acceptable.  This  was  expected  and  has 
been  a known  concern  for  this  type  of  treatment.  This  new  capability  provides  a tool 
which  can  be  used  to  reftne  the  estimation  of  the  neutron  dose  and  explore  the 
possibilities  for  reducing  it.  Ofsigoincani  note,  it  was  found  by  this  study  that  tungsten 
is  an  excellent  neutron  shielding  material  for  use  in  MEAs  due  to  its  larger  neutron 
capture  cross  section.  On  the  other  hand.  lead  was  seen  to  influence  the  neutron  energy 
distribution  but  have  negligible  efTort  on  the  population. 

The  simulation  methodology  was  also  shown  to  be  able  to  assess  the  health 
physics  concerns  around  a typical  medical  electron  acceleralor.  The  model  is  capable  of 
estimating  the  direct  neutron  dose  to  technicians  working  near  the  M£A  though  further 
refinement  is  necessary  to  reduce  the  large  uncertainties.  Future  work  should  first 
concentrate  on  refining  the  simulation  model  lo  improve  this  assessment.  Other  work 
may  olao  be  undertaken  to  simulate  the  photon  dose  due  to  neutron  activation  of  materials 
within  the  traitnient  mom  and  their  subsequent  gamma-my  decay. 

The  development  and  implemeniatinn  of  a systematic  treatment  of  photonuclear 
interactions  in  coupled  photon-neutron  simulations  paves  the  way  for  many  follow-on 
studies.  As  the  efTort  to  integrate  the  new  evaluated  data  into  the  transport  codes  has 
been  carried  out  under  the  supervision  of  staff  Irom  the  Los  Alamos  National  Laboratory, 
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these  developments  are  expected  to  make  their  way  into  publicly  released  versions  of  the 
MCNP  and  MCNPX  codes.  Tbe  data  processing  capability  for  creadon  of  photonuclear 
ACE  files  has  been  integrated  into  lbeNJOY99  nuclear  data  processing  code  and 
released  last  December  (1999). 

In  addition  to  the  recommendations  above,  many  other  possibilities  have  been 
discussed  with  researchers  in  this  field.  Future  studies  may  include  the  assessment  of  the 
chafed  particle  dose  to  potients  undergoing  radiotherapy  from  light-ions  produced  by 
photonuclear  reactions  in  tissue;  the  assessment  and  placement  of  neutron  shielding  for 
both  personnel  and  equipment  around  electron  accelerators  used  for  radiotherapy  and 
radiography;  the  ossessment  of  the  neutron  source  created  by  in-fligbt  annihilation 
photons  impinging  on  a heavy  water  target;  the  assessment  of  material  compositions  for 
unknown  samples  by  photon  interrogation;  and  many  other  interesting  concepts.  The 
capability  to  simulate  photonuclear  interactions  is  therefore  offered  up  with  great  hope 
and  expectation  on  what  the  tutiue  will  bring. 


APPENDIX  A 

PHOTONUCLEARACETABLE  FORMAT 
InlriiduclKin 

This  appendix  documenu  Ihe  class  ‘u’  ACE  table  formal  as  used  by  this  work. 
ACE  tables  are  compact  versions  (A  Compact  ENDF)  of  Evaluated  Nuclear  Data  Files 
(ENDF).  The  MKPNT  {MaXc  PhotoNuclear  Table)  data  processing  code  (described  in 
Chapter  4 and  listed  in  full  io  Appendix  B)  converts  ENDF  formatted  data  Into  the  ACE 
‘u’  table  formates  described  here.  Limitations  on  the  formats  MKPNT  will  handle  are 
discussed  in  Chapter  4.  Data  in  the  ACE  class  'u'  formal  can  then  be  used  by  Ihe 
pholonucicar  vemion  ofMCNP  (described  in  Chapter  4 and  listed  in  Appendix  C)  for  the 
simulation  of  radiation  transport. 

As  the  class  'u'  format  used  here  derives  from  the  standard  ACE  formal,  the 
MCNP  Users  Guide  [3).  However,  many  changes  have  been  made  to  both  streamline  and 

was  written  to  be  suitable  foi  inclusion  uilhe  appropriate  location  in  Ihe  MCNP  [3]  and 
MCNPX  (42.108- 1 1 Oj  user  guides.  Because  of  this,  there  is  some  ioformaiion  that  is 
redundaai  to  Chapter  4. 
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Table  Layout 

There  ore  no  changes  from  ihe  standard  ACE  table  layout.  It  is  presented  here  in 
TableA-l.  The  formates  shown  describes  an  ASCII  text  file.  The  binary  version  of  the 
file  contains  Ihe  data  In  Ihe  same  order  except  stored  in  Ihe  machine  dependent  formal  for 
integers,  reals  and  characters,  respectively.  There  is  one  generally  accepted  exception 
from  this  format.  Integers  in  the  XSS  airay  are  typically  written  to  the  ASCII  file  In  the 
(120)  formal  for  readability  allbough  they  are  stored  as  real  value  numbers  in  the  binary 
file  and  within  the  MCNP  program. 

A standard  data  library  file  conlains  multiple  data  tables,  e.g.  the  MCPUB02 
library  contains  one  phoioalomic  data  set  for  each  element  from  hydrogen  to  plutonium. 

A specific  table  within  Ihe  library  file  is  found  by  looking  up  its  stoning  line  (whose 
value  is  IRN)  and  referencing  die  data  relative  to  the  appropriate  slaning  line.  Similaxiy, 
when  stored  as  binary  data  the  address  of  the  first  entry  for  Ihe  table  in  question  Is  the 
absolute  slatting  point. 


Table  A-l.  Standard  table  description  for  the  photonuclear  type  ‘u’  ACE  format. 


L 

ne  Address 

Contents 

(Fortran  Standard) 

Relative 

Absolute 

IRN 

ZAIO.  Atomic  Weight, 
Temoerarure.  Date  Processed 

A10,2EI2.0.IX,Ai0 

IRN+I 

Comment 

A80 

3-6 

IRN+2  - IRN+5 

Inherited  fields  currently  unused 
IFill  with  zeros  or  leave  blank! 

4(I7.FII.0)  per  line 

7-8 

1RN-T6-IRN+7 

INXSIh:l=1..16l 

9-12 

IRNtg-IRN+ll 

(JXSmi=I.I21 

81191  oerlbe 

I3-... 

IRN*II  - . . 

(XSS(IIT=I  LXSl 

4IE20.0)  Dcr  line 
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NXS  Array  Elements 

Only  data  common  to  the  whole  table  are  stored  In  tbe  NXS  array.  Specifically,  it 
contains  the  information  necessory  to  understand  the  details  within  the  remainder  of  the 
table.  Examples  of  this  type  of  infonnation  include  the  number  of  energy  points  used,  the 
number  of  reaction  cross  sections  listed  artd  the  number  of  secondary  particles  with 
emission  data.  Because  the  formal  of  this  table  was  modified  over  several  iterations,  key 
details  about  the  table  I'ormai  iiselfare  also  included  here.  The  significance  of  each  entry 
in  the  NXS  array  is  documented  in  Table  A-2. 

Two  elements  of  the  NXS  array  have  standard  definitions.  The  first  element  of 
the  NXS  array  is  alwoys  the  length  Inumbcr  of  entries)  of  the  XSS  array.  This 
standardization  makes  it  possible  to  read  in  a generic  table  without  knowing  the  details  of 
thesub-airays.  The  second  element  of  the  NXS  array  is  typically  the  lurgei  identifier. 

This  document  perioins  to  formal  version  one  (TVN“l)oftbe  ACE  class ‘u’ 
table.  For  this  version  of  the  table,  the  number  of  parameter  entries  in  each  IXS  array  is 
two  (NPIXS-2),  the  number  of  entries  in  each  IXS  array  is  twelve  (NE1XS=12). 


Table  A-2.  Description  of  the  NXS  Array  elements  In  a pholonucicar  type  'u'  ACE 
format. 


Fntrv 

Parameter 

Fixed  numcnc  descrinlive 

NXSin 

LXS 

Leneih  of  the  XSS  data  block 

NXS(2) 

ZA 

Atomic  and  mass  Dumber  of  the  ta^et  isotope 
ZA  = Z’I000*A 

NXSf31 

NES 

Number  of  enerav  entries  in  tbe  main  enerrv  vrid 

NXSI4I 

NTR 

Number  of  MT  entries  in  the  reaclion-tvoe  listine 

NXSI5I 

NTYPE 

Number  of  secondirv  particle  tvoes  with  IXS  Information 

NXS(6) 

NPIXS 

Number  of  parameter  entries  (fixed  values)  in  the  IXS 

NXSf7) 

NEIXS 

Number  of  enuics  (fixed  values  and  locators)  in  IXS  airay 
oer  secondary  particle 

Unused  rFill  with  value  zero} 

NXSII6) 

TVN 

Table  Format  Version 
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Parameters  are  fixed  values  listed  firat  in  the  array.  Other  entries  arc  assumed  to  be 
locators  and  their  values  updated  as  the  table  is  shified  in  memoty.  The  maximum 
number  of  secondary  panicles  (NTYPE)  for  which  emission  data  can  be  given  Is  eight. 
This  structure  and  values  of  this  table  are  subject  to  mvision  at  which  time  the  table 
version  number  will  be  incremented. 

JXS  Array  Elements 

The  JXS  array  elements  contain  locators  to  global  data  contained  within  the  XSS 
data  block.  Similar  to  the  NXS  elements,  global  applies  to  the  main  energy  grid,  the 
cross-sections,  additional  information  associated  with  each  reaction  and  a pointer  to  the 
secondary  data  array  IXS.  Locorors  arc  offsets  into  the  XSS  array.  Descriptions  of  the 
JXS  locators  ate  given  in  Table  A-3.  For  example,  the  firat  value  for  the  main  energy 
grid  is  located  at  XSS(ESE). 

This  foimai  has  deviated  from  the  traditional  style  in  dial  il  references  all 
secondary  particle  emission  data  through  the  use  of  the  IXS  construct.  The  use  of  the 
IXSconstnici  was  firat  done  for  the  LA  150  neutron  libraiy  [42 ,4e|.  This  library  was 
constructed  for  use  in  MCNPX  where  emission  descriptions  for  protons,  deulerons, 
tritons,  heIium-3  and  alphas  were  desired  in  addition  to  neutrons  and  photons.  The  table 
pmsenled  here  completes  the  transition  In  that  all  emission  data  (including  photon  and 
neutron)  are  raferenced  through  the  IXS  array.  This  was  done  so  that  the  table  is  now 
consistent  in  its  treatment  of  all  secondary  particle  emission  data.  As  a result,  only  data 
general  to  the  whole  table  should  be  referenced  from  the  JXS  array. 

Anothet  major  change  is  the  addition  of  the  locators  TOT,  NON.  ELS  and  THN. 
In  neutron  type  'c'  tables,  the  locator  ESZ  does  quintuple  duty.  That  is  the  energy  grid. 
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XSS  Array 

The  XSS  array  is  the  gcaerie  container  for  the  data.  Because  of  this,  it  is  also 
referred  to  as  the  XSS  Block.  Descriptions  of  each  of  the  arrays  and  their  associated 


' intctpolatio 
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ESZ  Array 

The  ESZ  array  contains  the  data  entries  for  the  main  cnc^  grid.  It  represents  a 
superset  of  all  energies  used  by  any  reaction  cross  socrion  listed  in  the  table.  Energy 
values  are  given  in  units  ofMeV,  The  entries  should  consist  of  a series  of  monotonically 
increasing,  positive  values  located  at  (XSS(l):  I~ESZ..ESZ+NES-I).  Duplicate  entries 
are  not  allowed.  Sharp  transitions  should  be  represented  as  occurring  over  a finite 
transition  region  rather  than  a true  step  change.  Error  cheching  should  be  done  to  ensure 
the  conditions  specified. 

TOT  Array 

The  TOT  array  contains  the  data  entries  for  the  total  cross  section.  Cioss-sectioD 
values  ore  given  in  units  of  barns.  There  must  be  an  entry  corresponding  to  each  entry  in 
the  ESZ  array  and  they  should  be  located  at  (XSS(I):  1=TOT..TOT+NES- 1 ).  Error 
checking  should  be  performed  to  ensure  that  these  values  are  equivalent  to  the  sum  of  the 
clastic  and  non'eiastic  cross  sections.  This  array  must  be  present. 

NON  Array 

The  NON  array  contains  the  data  entries  for  the  total  non*clastic  cross  section. 
Cross-section  values  are  given  In  units  of  boms.  There  must  be  an  entry  coresponding  to 
each  entry  indie  ESZ  array  and  they  should  be  located  at(XSS(I);  NNON..NON+NES- 
1 ).  Error  checking  should  be  performed  to  ensure  that  these  values  are  equivalent  to  the 
sum  ofall  partial  croas  sections  excluding  the  elastic  and  any  sub-totals.  This  array  musl 
exist  if  any  non-elastic  cross-section  data  ore  present. 

The  ncm-elastlc  cross-section  is  listed  rather  than  the  absorption  for  convenience. 
If  the  elastic  cross  section  has  not  been  included,  the  non-elastic  cross  section  is  Identical 


lo  ihe  lolal  cross  section  and  NON  should  he  set  equal  lo  TOT  and  only  one  sel  of  cross- 
sccliun  entries  is  needed.  One  justificahon  fornoi  Including  the  total  absorption  cross 
section  is  that  it  does  not  moke  physical  sense  for  the  phoiunuclear  process.  Gamma 
cays  are  emitted  for  all  reactions  that  do  not  transllioo  directly  to  a ground  stale. 

ELS  Array 

The  ELS  array  contains  the  data  entries  for  the  elastic  cross  section.  Cross- 
section  values  arc  given  in  units  of  bams.  There  must  be  an  entry  corresponding  to  each 
entry  in  the  ESZ  array  and  they  should  be  located  at  (XSS(l):  I-ELS..ELSt-NES-i).  For 
photoDuclear  physics,  this  cross  section  is  negligible  and  typically  is  not  included  in  the 
original  evaluation  data  file.  If  it  is  not  included.  ELS  must  be  set  to  zero  and  no  entries 
are  included  in  the  XSS  airoy. 

THN  Array 

The  THN  array  contains  the  dato  entries  for  the  average  healing  numbers,  i.e.  the 
average  energy  deposited  per  collision.  Heating-number  values  are  given  in  units  of 
MeV  per  collision.  There  must  be  an  entry  coirasponding  to  each  entry  in  the  ESZ  array 
and  they  should  be  located  at  (XSS<I):  1=THN..THN+NES-I).  If  no  data  have  been 
calculated  fot  heating  numbers,  THN  and  each  PHN  entry  (see  discussion  below)  must  be 
set  to  zero  and  no  eoiries  are  made  In  the  XSS  array. 

The  loul  heating  number  has  recently  undergone  a revision.  Since  the  MCNPX 
code  is  capable  of  transporting  most  particles  of  interest,  it  is  necessary  to  be  ablelo 
adjust  the  total  heating  numbers  appropriately.  Specifically,  at  the  time  of  the  simulation, 
the  total  hearing  number  should  be  adjusted  to  represent  the  average  umounl  of  energy 
deposited  per  collision  in  a given  material  for  all  panicles  that  are  not  transported. 


207 

!a  order  to  obtain  on  "average'  heating  number,  severu!  assumptions  are 
neoessaiy.  Particles  that  are  extremely  penetrating,  e g.  neutrinos,  arc  assumed  to  deposit 
their  energy  elsewhere.  Panicles  that  arc  of  "limited"  range,  including  neutrons  and 
photons,  are  not  consideicd  extremely  penetrating.  All  particles  of  "limited"  range  are 
assumed  to  deposit  their  energy  insunlaneously  ai  the  collision  site.  This  is  a poor 
assumption  for  any  situation  that  docs  not  approximate  an  infinite,  homogeneous  medium 
with  a steady-slate  source. 

In  orderto  accurately  represent  energy  deposition,  particles  for  which  secondary 
distribution  data  exist  and  should  be  transported  and  their  contribution  to  the  total  heating 
number  subtracted  off  ihe  total  before  beginning  the  simulation.  Again,  if  heating  tallies 
areused.it  is  essential  to  transport  all  particles  for  which  instanisneous,  local  energy 
deposition  is  not  a good  assumption.  Note  lhal  Ihe  sum  of  the  partial  healing  numbers 
(PHNs)  given  in  Ihe  table  may  not  add  up  to  Ihe  total  unless  all  possible  secondary 
panicles  (including  the  recoil  panicles)  are  included. 

MTR  Array 

The  MTR  anay  contains  the  data  entries  for  the  reactioo  type  MT  numbers. 
Reaction  type  MT  numbers  are  taken  directly  from  the  ENDF-102  File  Formal  Manual 

(45).  There  must  be  one  MT  value  in  the  array  for  every  reaction  cross  seciion  to  be 
listed  and  they  should  be  located  al  (XSS(I):  l=MTR..MTR+NTR-l).  The  entries  should 
be  in  ascending  order  according  to  their  numeric  value. 

Production  cross  .sections  for  reaction  products  of  interest  may  also  be  listed  in  ihc 
MT  array  by  using  the  21A  number  in  place  of  the  ENDF  MT  number.  An  isolope's  ZA 
number  is  defined  os  the  alomic  number  (Z)  limes  one-lhousand  plus  Ihe  atomic  mass 


rumber(A).  For  example, 'Be  would  have  ZA  equal  lo 4K».  There  is  not  a conflicl 
with  MT  numbere  as  the  ciurenily  defined  ENDFMT  numbers  end  at  1000.  Note  that 
production  cross  sections,  i.e.  all  reactions  with  a MT  value  greater  than  1000,  are  not 
valid  for  transport  and  are  used  only  as  tally  multipliers. 

LQR  Array 

The  LQR  amy  contains  the  data  enlncs  for  the  Q'value  associated  with  each 
reaction.  Q*values  are  given  in  unitsofMeV.  There  must  be  one  entiy  corresponding  to 
each  MT  array  entry  and  they  should  be  located  at  (XSS(I);  1-LQR..LQR+NTR-I).  For 
reactions  which  are  not  physical  events,  e.g.  production  and  suinmatioo  listings,  the  Q- 
value  should  be  given  as  a zero  (0)  entiy. 

LSIG  Array 

The  LSIG  array  contains  the  entries  for  the  cross-section  locators.  Cross-section 
locators  are  the  array  index  to  the  first  word  of  the  corresponding  MT  reaction  data 
relative  tothcSIG  locator.  There  must  be  one  entiy  corresponding  to  each  MTaiiay 
entry  and  they  should  be  located  at  (XSS(I);  1=LS1C..LS1G+NTR-1). 

SIG  Array 

The  SIG  locator  is  the  primary  reference  Ibr  finding  the  reaction  cross-section 
data.  By  tradition  and  for  convenience,  all  reaction  cross-section  data  are  listed 
sequentially  at  one  location  within  the  XSS  array.  Cross-aection  values  are  given  In  units 
of  bams.  Each  cross-seebon  locator  must  point  to  a valid  reaction  cross-section- 

ReaclioD  cross-section  dam  are  given  over  a defined  range  of  energies  oo  the  main 
energy  grid.  The  entries  follow  Ihc  formal  IE,  NE.  VALUES  where  IE  is  the  slairing 
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index  coiresponding  to  an  cmiy  on  the  main  energy  grid  and  NE  U the  number  of  entries. 
Thus  the  entries  VALUES(l-NE)  are  the  reaction  cross*scction  values  correspondiog  to 
the  ene^es  ESZ(IE..1E+NE-1).  The  cross-section  entries  should  be  located  at  ((XSS(I): 
I=S10t-LSlG(K)-I..Si&t-LSlG(K)+NE):  K=I..NTll)  where  LSIG(K)  is  the  offset  value 
from  the  LSIG  array  that  corresponds  to  the  Kth  reaction  MT  as  listed  in  the  MTR  array. 
Error  checking  should  be  done  to  ensiira  that  IE  is  not  less  than  one.  that  NE  is  not 
greater  than  NES  and  that  IE+NE-1  is  less  than  or  equal  loNES. 

For  cross-section  data  that  do  not  cover  the  entire  energy  range  of  the  table,  the 
value  of  the  last  entry  is  O-ssumed  to  be  constant  fur  the  remainder  of  the  main  energy 
grid.  That  is.  for  all  energies  up  to  the  first  entry,  the  cross-section  value  of  the  first  entry 
is  used.  Therefore,  reactions  with  threshold  values  must  start  with  a zero  value  entry. 
Similarly,  reactions  which  ore  negligible  after  a ceitain  energy  should  contain  a zero 
value  as  their  last  entry. 

IXS  Block 

The  IXS  block  is  a conceptual  figment  created  to  equate  the  secondary  particle 
infoimatlon  storage  structure  to  the  general  storage  model  of  the  NXS/JXS/XSS  block.  It 
is  described  as  Its  own  set  of  parameters,  locators  and  data  In  order  to  help  separate  It 
conceptually  and  make  it  cosier  to  understand.  In  reality  all  the  components  of  the  IXS 
array  and  Its  associated  dau  ore  stored  In  the  XSS  block.  To  stress  the  point,  references 
to  IXS(i)  are  equivaicni  to  XSS(i).  The  secondary  data  should  be  listed  sequentially  by 
panicle  type  and  not  spread  throughout  the  XSS  block. 


The  IXS  airay  emulates  the  parameler/loeoior  concept  of  NXS/JXS  for  secondary 

panicle,  there  are  typically  multiple  IXS  amys  in  a tabic.  They  are  listed  sequentially 
located  at  ((XSS(I);  I=(IXSA*NEIXS*(J- 1 )) ..  aXSA+NEIXS'(J-  1)HNEIXS- 1 ); 
J-1..NTYPE).  The  elements  of  the  IXS  array  are  described  in  Table  A-4. 

The  photonuclear  table  differs  from  the  neutron  and  proton  table  versions  In  that 
parameters  specific  to  a sccondaiy  particle  are  also  included  in  the  IXS  array.  Thus,  IXS 
elements  perform  funebons  similar  to  NXS  (parameter)  and  iXS  (locator)  elements.  In 

example,  for  the  third  (3)  emission  pattide  the  parameter  NTRP(3)  (stored  as  IXS[2,3I) 
and  the  locator  MTIU>(3)  (stored  as  IXS(5.3])  can  be  used  to  find  the  array  of  MT 
reactions  that  produce  that  panicle  located  at  (XSSa):  I-MTRP(3)..MTRP(3>t-NTRP{3)- 
!)• 


Table  A-4.  Description  of  the  IXS  Airay  elements  in  n photonuclear  type  'u'  ACE 


Entry 

Parameter 

Fixed  number  desenotive 

IXSfl.J) 

IPTO) 

Panicle  IPT  number 

IXSI2.J) 

NTRPtJ) 

Number  of  MT  reactions  producina  this  panicle 

Fntrv 

Locator 

Offset  to  array  of.. 

IXSI3.II 

pxsm 

Total  nanicle  produebon  cross-section  data 

IXSI4JI 

PHNtJI 

IXSfSJI 

MTRPfJl 

PaiTicle  Dtoduction  MT  reaction  numbers 

1XS(6JI 

1XS(7J) 

TYRPfJ) 

LSIGPIJI 

R«mbon  yield  locator,  (relative  to  SlGPl 

IXS(9.J1 

1 AVnPtll 

Primary  locator  for  reaclion  yield  data 

Reaction  aneular  distribution  locators  Irelative  to  ANDPl 

IXS(IOJ) 

ANDPm 

Pnmary  locator  foranRulat  distnbunon  data 

IXSII2J1 

DLWPfJI 
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This  table  also  differs  irom  ncutroo  and  prolun  tables  in  that  all  secondary  panicle 
information  is  referenced  through  the  relevant  IXS  elements.  This  is  a change  in  that  the 
previous  tables  still  referenced  the  incident  particle  type  emission  data(e.g.  neutron  In, 
neutron  out)  through  the  JXS  array.  Phoiophoton  emission  data  in  a phoicnucleor  table 
are  referenced  through  the  IXS  army  exactly  as  pboloneuiron  or  photoptoton  emission 


The  secondary  panicles  for  which  data  are  supplied  are  identified  by  the  index 
IPT.  These  numbers  were  originally  defined  by  the  MCNP  code  for  neutrons,  photons 
and  electrons.  They  have  been  extended  by  the  MCNPX  code  to  cover  the  particles  of 
interest  in  high*cncrgy  accelerator  environments.  At  the  current  time,  only  those  particles 
listed  in  Table  A*S  have  emission  data  available  in  the  table.  This  is  the  source  of  the 
maximum  value  limit  for  the  parameter  NTYPE. 


PXS  Array 

This  array  contains  the  data  entries  for  the  toul  secondary  particle-production 
cross  section.  Production  cross-section  voluesare  given  in  units  ofbams.  Thcdaia 
values  follow  the  IE,  ME,  VALUES  format  os  described  in  the  SIGP  array  section  above 


Table  A-S.  Association  of  particles  with  their  symbol  and  IPT  index  number  as  defined 
in  MCNP(X). 
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and  ore  referenced  to  the  mnin  energy  grtd.  Theanay  mnsl  exist  if  any  reacdoii  data  exist 
for  the  panicle  type  and  is  located  at  ((XSS(I):  I=PXS(J)-PXS(J)+NE+l):  J=1..NTYPE). 
Error  checking  should  be  done  to  ensure  that  the  value  of  each  entiy  cotresponds  to  the 
sum  of  the  relevant  reacrion  yields. 

PHN  Array 

This  array  contains  the  data  entries  for  the  particle  average  heating  numbers.  The 
data  values  follow  the  IE,  NE,  VALUES  formal  as  described  in  the  SIGP  array  section 
above  and  are  located  at  ((XSS(I):  l=PHN(f)..PHN(J>t-NE+l);  J=1..NTYPE).  Panicle 
average  heatingmuntbers  are  given  in  units  ofMcV  per  collision.  As  described  in  the 
discussion  of  the  THN  array  above,  these  values  arc  the  contribution  to  the  total  healing 
number  by  this  particle  type  assuming  that  the  panicle’s  average  emission  energy  is 
deposited  locally.  Error  checking  should  be  done  lo  make  sure  that  PHN  is  not  greater 
than  THN. 

MTRP  Array 

This  array  conlalns  the  data  entries  for  the  MT  reociion-type  numbers  ihai 
produce  this  secondary  panicle.  MT-reaction  numbers  are  specified  In  the  same  manner 
here  as  for  Ihe  MTR  array  and  are  located  ai  ((XSS(l);  l=MTRP(J)..MTRP(f>»NTRPlJ)- 
1):J=!  ..NTYPE).  The  entries  should  be  in  ascending  numeric  order.  Error  checking 
should  be  done  to  ensure  that  all  MTRP  entries  correspond  to  a MTR  entry  at  the  JXS 


213 

TVRPAiray 

This  wray  contains  the  data  entries  for  the  coordinate  system  of  the  reaction 
producing  the  secondary  particle.  The  emission-coordinate-system  parameter  indicates 
cither  the  lab  system  (value  = I ) or  the  eenter-of-mass  system  (value  = -1)  and  the  entries 
arc  located  at  ((XSS(I);  l-TYRP(J)..TYRP(JHNTRP(J)- 1);  J- 1 ..NTYPE).  Enor 
checking  should  be  done  to  ensure  that  an  entry  exists  for  each  reaction  and  thot  it 
contains  one  of  the  two  allowed  values.  This  array  is  di^erent  than  the  TYR  array  for 
neutron  lohles  in  that  multiplicrtydata  are  not  included  in  TYRP  but  irutead  utilize  the 
Slop  array. 

LSIGP  Array 

This  array  contains  the  entries  for  the  reaction  yield  locators.  Reaction  yield 
locators  are  the  relative  location  of  the  corresponding  MT  reaction  data  in  the  SICP  array. 
There  must  be  one  entiy  corresponding  to  each  MTRP  array  entry  and  they  should  be 
located  at  {(XSS(I):  I=LS1GP(J)..LSI0P(J)+NTRP-1):  J=1..NTYPE).  The  noUtion 
LSIOP(KJ)  indicates  the  Kth  entry  (XSS(LS1GP(J)+K-1))  for  the  Jth  secondary  particle. 

SIGP  Array 

The  SIGP  locator  is  the  primary  reference  for  finding  the  reaction  yield  data.  All 
reaction  ctoBS<section  data  for  this  secondaiy  particle  arc  listed  sequentially  within  the 
SIGP  artsy.  Reaclion  yields  are  given  either  as  production  cross  sections  or  a.s 
multiplicity  dam.  There  must  be  one  set  of  data  for  each  reaction  specified  in  the  MTRP 
array  and  it  is  located  os  described  in  the  relevant  table  below. 

Production  cross-section  data  arc  the  simpler  of  the  two  yield  descriptions. 
Production  cross-section  values  arc  given  in  units  of  boms.  Data  of  this  type  are  typically 
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Table  A-6.  Reaction  yield  data  In  the  fotm  of  a production  croas-aeciion. 


SIGP(J>i-LSIGP(K-n-l 


SIOP(J)*LSIGP(K.J)-H 


derived  from  File  13  of  an  ENDF  evaluation  and  are  therefore  labeled  with  the  MFTYPE 
equal  13.  The  entries  for  this  reaction  yield  are  described  in  Table  A-6.  The  average 
"multiplicity”  for  the  reaction  as  a function  of  energy  can  be  calculated  from  the  data  by 
dividing  the  production  cross-section  value  by  the  corresponding  MT  rcacrion  cross- 
section  value. 

Alternatively,  the  multiplicity  of  the  reaction  may  be  used  in  conjunction  with  the 
corresponding  MT  reaction  cross  section  to  determine  the  production  cross  section. 
Multiplicity  is  uniiJess  and  implies  the  number  of  particles  emitted  per  collision. 
Muliiplicihes  can  be  constant,  e.g.  for  Fixed  reactions  like  (y, 2d),  or  they  can  be  variable, 
e.g.  for  fission  nubar  values.  Note  that  the  general  reaction,  MT  S,csn  include  any 
combination  of  true  reactions  in  a variable  multiplicity.  Also  note  that  fission  nubar  data 
are  now  included  generally  in  this  array  rather  than  specifically  in  their  own  array. 

Yield  data  of  this  type  are  typically  found  In  Filed  or  12  of  the  ENDF-6  format 
and  hence  are  a.ssigncd  the  MFTYPE  of  6 or  12.  MFTYPE  16  is  also  allowed  due  to  a 
backwards  compatibility  issue  arising  From  the  fact  ihat  the  value  16  has  been  used  in 
past  to  indicate  MF  Filed  yield  data  in  neutron  tables.  Yield  data  for  MFTYPE  6, 12  and 
1 6 are  described  in  Table  A-7.  This  table  and  many  of  those  to  follow  use  the  INT 
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interpolnhon  parsRi«ler  as  defined  by  ENDF.  Defined  INT  values  and  Iheir  associated 
formalism  are  listed  iu  Table  A*8.  Error  checking  should  be  done  to  ensure  that  all 
values  of  MTMULT  match  a inaction  in  the  MTR  listing. 

This  description  provides  a concise  method  to  define  availing  yield.  For 
example,  iheMTi  general  reaction  has  a set  of  energy/yield  paiis  which  is  typically 
shorter  than  the  defining  the  coiresponding  production  cross  section.  The  disadvantage 
of  this  format  is  that  it  requires  the  lookup  of  the  cross  section  and  the  yield  followed  by  a 
muiriplication  of  the  two  to  obtain  the  production  cross  section. 
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LANDP  Array 

This  array  comainsUie  entries  fbrttie  angular  distribution  locators.  An  angular 
distribution  locator  Is  the  location  of  the  angular  distribution  data  for  the  corresponding 
MT  reaction  relative  to  the  ANDP  locator.  There  must  be  one  entry  corresponding  to 
each  MTRP  array  entiy  and  they  should  be  located  at  ((XSS(I);  [■LANDPfJ).. 
LANDP(J)+NTRP-1);  J=I..NTYPE).  LANDP(KJ)  is  the  Kth  entry  for  tbe  Jth  secondary 
particle  type. 

Several  LANDP  atray  values  have  special  meanings.  A zero  (0)  locator  value 
indicates  a reaction  where  all  panicles  ate  emitted  isotropically  in  the  reference  frame 
defined  by  the  coiresponding  entry  in  the  TYRP  anay.  Correlated  energy/angle  data  are 
Indicated  by  a neganve  one  (-1)  locator  value.  In  this  case,  the  angular  distribullon  data 
are  included  with  the  energy  emission  distribution  data  in  the  DLWP  array.  For  both 
cases,  no  angular  data  are  entered  In  Ihc  ANDP  array.  All  other  locators  must  be  positive 
integer  values  and  indicate  that  the  angular  distribution  data  are  eonlained  in  the  ANDP 


ANDP  Army 

The  ANDP  locator  is  the  primary  reference  for  linding  angular  distribution  dala. 
All  angular  distribution  data  for  this  secondary  particle  ore  listed  sequentially  in  this 
array.  Three  types  of  angular  distribution  table  arc  curranlly  allowed:  isotropic.  32  equi- 
ptobable  bio  or  tabulated  angulat'bin  dala.  There  must  be  one  set  of  distribution  dala  for 
each  reaction  specilled  in  tbe  MTRP  array  that  is  neither  Isotropic  nor  correlated 
cnergy/angic.  The  angular  distribution  data  is  located  as  described  In  the  relevant  table. 


217 


Table  A*8.  Interpolation  schemes  as  defined  for  the  ENDF*6  formal. 


Intenaolarion  Scheme 

INT  Value 

fnteniolanon  Eouation 

Histogram 

0 

Linear-Linear 

' 

Log-Linear 

2 

Linear-Log 

3 

Ja] 

-lf^(s-s.)vin(y,) 

Log-Log 

If  all  reactions  are  isotropic  or  correlated  energy/angle  (i.e.  no  data  ate  present  in  the 
ANDP  array}.  ANDP  should  be  set  to  zero. 

The  angular  distribution  data  are  a set  of  tables  comprising  the  average*emission 
angles  for  the  Jib  emission  particle  having  the  Kth  reaction.  These  table  are  located  using 
the  angular  distribution  header  information  is  described  in  Table  A-9.  An  example  of 
bow  to  find  a particular  header  in  the  ANDP  array  is  given  here.  The  appropriate  angular 
distribution  header  information  for  the  second  reaction  listed  in  MTRP  producing  the 
third  secondary*einission  particle  starts  at  the  array  location 

(XSS{ANDP(3}t-LANDP(2,3)*l).  ANDP(3)  is  the  ninth  IXS  value  for  the  third  emission 
particle  (IXS<9.3))  and  LANDP(2J)  is  the  vaiue  of  the  second  erttry  in  the  LAN  DP  array 
for  the  third  emission  particle  (XSS(IXS(10J)-l-r-2)). 
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Table  A-9.  Angular  dislribulion  header  infoimalion. 


Location  in  XSS 


ANDP(J)+LANDP(KJ)-1 


Number  of  energies  at  which 
angular  distributions  are 
tabulated 


Once  the  angular  distribution  header  information  is  located,  the  incident  energy  is 
used  to  find  the  iocator  for  the  appropriate  angular  data  table.  Positive  locators  indicate 
32  equi-probable  binned  data,  zero  locators  indicate  isotropic  distributions  and  negative 
locators  indicate  labulaled  angular  data.  Isotropic  distributions  have  no  further  data 


Angular  Law  I is  32  equi-probable  binned  cosine  angles.  It  has  been  the 
traditional  method  used  to  represent  angular  distributions.  A positive  value  for  the 
angulardatalocator  indicates  it  contains  Angular  Law  I data.  This  data  consisis  of33 
cosine  angle  bin-boundaries  which  mark  the  points  1/32  apart  in  cumulative  probability 
denrioi.  Therelocationinthe  ANDParray  isdescribed  inTableA-IO.  The  cosine  of  the 
scattering  angle  Is  chosen  by  linear-linear  interpolation  of  a randomly  chosen  point  io  the 
cumulative  density  space.  This  method’s  primary  advantages  are  its  speed  of  execunoo 
and  small  mcmoiy  requirements.  As  memory  and  CPU  power  are  much  mote  readily 
available  loday  than  when  this  method  was  first  conceived,  it  is  no  longer  recommended 

The  Angular  Law  2 tabulated  angular  distribution  was  recently  introduced  [III] 
to  more  accurately  reproduce  highly  anisolropic  scattering  distributions,  it  is  generally 
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TableA-10.  Description  of  Angular  Law  1 32  equi-probnble  bin  angular  disiribullon 


ANDPUHLCILVI 


First  word  of  angular  distribution  data  for 
Incident  energy  point  L 
LC(L)is  greater  than 


accepted  that  disinbutiona  with  very  anisotropic  behavior,  in  particular  very  forward 
peaked  distributions,  are  not  well  represented  by  Angular  Law  1.  Specifically,  the  detail 
of  the  high-probability  areals  well  represented  at  the  expense  of  the  remainder  of  the 
distribution.  Angular  Law  2 distributions  remedy  this  by  allowing  a tabular  distribution 
of  points.  The  description  for  Angular  Law  2 data  is  given  in  Table  A-l  I.  The  scattering 
angle  is  chosen  based  on  the  random  sampling  of  the  cumulative  probability  density  with 
proper  interpolation  of  its  corresponding  cosine  value. 

LDLWP  Array 

This  array  contains  the  entries  for  the  energy  distribution  locators.  An  energy 
distribution  locator  Is  the  location  of  the  emission  law  data  for  the  corresponding  MT 
reaction  relative  to  the  DLWP  locator.  There  must  be  one  enlty  corresponding  to  each 
MTRP  array  entry  and  they  should  be  located  at  ((XSSfl): 
l=LDLWPlJl,.LDLWP(J>rNTRP-l):  J=1.NTYPE).  The  elastic  collision  is  now 
explicitly  included  here  If  the  data  ore  included.  All  localors  must  be  ptxsitive  integer 
values  and  indicate  that  emission  distribution  data  are  contained  in  the  DLWP  array. 
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Table  A-Il.  Desciipilon  of  Angular  Law  2 labulaled  angular  dislribuiion  table. 


Location  inXSS 

Parameter 

Descnoiion 

ANDP(JMLC(L)|-1 

N/A 

First  word  of  angular  distribution  data  for 
incident  energy  point  L 
LCILIis  less  than  zero 

ANDP(J)+|LC(L)|-1 

JJ 

Interpolation  pniameier  for  cosine 
distribution  ENDF  defined  interpolation 
parameters  (Only  histogram  or  linear- 

ANDPlJWLCiLlI 

NP 

Number  of  ooinis  in  the  distributinn 

ANDP(J>+|LC(L)1-H  .. 
ANDPfJ>HLaUI*NP 

CA(M) 

M=I..NP 

Cosine  of  the  scattering  angle 

ANDP(J)+|LC(L)|s-H-NP.. 

ANDP(JI+ILaUH-l-*-2*NP 

PDF(M) 

M-I..NP 

Probability  density  hmerion 

ANDP(J)+|LC(L)|t2+2*NP .. 
ANDP(D*ILCO»l+3*NP 

CDF(M| 

M=I..NP 

Cumulative  density  {unction 

DLWP  Array 

The  DLWP  locator  is  the  primacy  reference  for  finding  emission  di.striburion  data. 
All  emission  distribution  data  for  this  secondary  particle  are  listed  sequentially  in  the 
DLWP  array.  Typically,  the  emission  data  described  here  are  the  energy  spectra  for  the 
secondary  panicle.  However,  many  new  data  evaluations  are  taking  advantage  of  the 
conelated,  energy  and  angle,  emission  distributions.  If  the  angular  distribution  data  are 
contained  in  the  emission  distribution,  the  corresponding  LANDP  entry  must  be  negative 
une  (-1).  For  all  other  cases,  there  must  be  a corresponding  set  of  entries,  as  located  by 
LANDP  and  ANDP,  to  describe  the  appropriate  angular  distribution.  There  must  be  at 
least  one  set  of  emission  data  for  each  reaction  specified  in  the  MTRP  array. 

Law  Header.  Each  reaction  has  at  least  one  emissinn  distribution  associated  with 
it  os  described  in  the  relevont  law  header  information  data.  The  entries  in  the  law  header 
information  data  are  described  in  Table  A-12.  This  header  exists  to  facilitate  describing 
reactions  that  require  more  than  one  sampling  law  to  describe  the  emission  parameteis 
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coirectJy.  An  example  of  this  would  be  second  choncc  fission.  The  law  header 

thii^  emission  particle  sUrts  at  the  array  locaiion  (XSS(DLWP(3>r-LDLWI'(2.3)- 1). 
Here  DLWP(3)  is  the  twelfUi  IXS  value  for  the  third  emission  particle  (1X3(12.3))  and 
LDLWP(2,3)  Is  the  second  entry  Id  the  LDLWP  array  for  Ihe  third  emission  particle 
(XSS(IXS(il.3)+2-l)). 
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Once  the  appropriate  law  header  is  located,  the  specific  emission  distribution  is 
determined  based  the  probability  of  its  validity  at  the  iocideni  energy.  Because  of  the 
number  of  laws  that  can  be  used,  the  desenption  of  the  remainder  of  this  array  can  be 
daunting.  The  key  to  remember  is  that  each  reaction  producing  a given  particle  has  a law 
header  that  provides  the  location  of  the  appropriate  sampling  law.  Each  of  the  laws  and 
their  associated  data  is  described  in  discussion  below.  The  variable  J always  indicates  the 
Jth  emission  particle  and  the  variable  K always  indicated  the  Kth  reaction  producing  that 


Energy  Law  I , Energy  Law  I uses  an  equi-probable  ene^y  bin  structure  for 
sampling  emission  energies.  Its  data  format  is  described  in  Table  A-13.  It  is  similar  in 
nature  to  the  Angular  Law  I and  suffers  from  the  same  lack  of  fidelity  for  distributions 
with  groupings  of  high*probability  regions.  It  is  recommended  io  use  Energy  Law  4, 
tabufated'energy-distribution,  instead-  Error  checking  should  be  done  to  ensure  that  each 
Eiui  lablcisaseiofmonatonically  increasing  real  values  ending  with  a value  less  than  the 
corresponding  Eg,. 

Energy  Law  2.  Energy  Law  2 is  primarily  for  discrete  photon-emission  lines 
produced  by  oeuiron  inlemctions.  Its  data  format  is  described  in  Table  A-14.  Its  use  is 
discouraged  with  photonuclear  reactions  though  it  is  possible  to  use  has  a discrete  line 
emission,  i.e.  Emit  ■ EG,  forLP*0  or  LP*I.  Use  of  the  LP*2  option  is  strongly 


computing  ihe  emission  energy,  i.e.  E„a  = EG  + (AWRf(AWR-s|)}  • E,„.  Error  checking 


particle. 


I kinematics  fot 


shoidd  be  done  to  ensure  that  LP  is  in  Ihe  range  0 to  2 and  that  EG  is  a positive  real  value. 
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Table  A-13.  Law  dependent  format  for  Energy  Law  1 (Tabular  Equi-probable  Energy 


Location  in  XSS 

Parameter 

Descrioiion 

DLWP(J)»1DAT,-I 

LDAT(M) 

Primary  reference  for  laW|  dependent 
data  (from  law  headerl 

LDATd) 

NR 

Number  of  interpolation  regions 
(If  NR  = 0,  NBT  and  INT  arc  omitted 
and  linear-linear  inleipolorion  is 
assumed) 

LDAT(2).. 

LDAT(l+hfR) 

NBTIN) 

N=I..NR 

Starting  index  to  which  ttae 
corresponding  interpolation  parameter 

LDAT(2tNR).. 

LDAT(|t-2*NR) 

1NT(N) 

N-I..NR 

tNLir  delined  mterpotation  parameter 
in  each  region 

Onlv  hisTovram  or  linear-linear 

LDAT(2*2'NR1 

NE 

Number  of  incident  enereies  tabulated 

LDAT(3*2'NR) .. 
LDATt2+2’NR+N£l 

E^N> 

N'L.NE 

List  of  incident  energies  for  which  En«i 
is  tabulated 

LDAT(3+2*NR+NE) 

NET 

Number  of  outgoing  eoergies  listed  to 

LDAT(4t-2'NR*NE).. 
LDAT(3+2*NR+(NET+ 1 )'NE) 

EociCN) 

N-I..NET; 

E»o(N) 

N=I..NET; 

E»«he(N) 

N-1..NET 

Enil^le  have  NET  enemies  listed 
comprising  the  boundaries  of  (NET-1 ) 
equi-probable  bins.  Sampling  uses  a 
linear-linear  interpolation  between  bin 
boundaries. 

Energy  Laws  3 & 33.  Energy  Law  3 and  33  are  inelastic  level  scattering.  The 
data  format  is  described  in  Table  A- 15.  Law  3 indicates  neutron  incident,  neutron 
emission.  Law  33  indicates  any  combination  of  particles  incident  and  emitted.  Its  use  is 
allowed  for  pbotonucleor  interactions  though  the  parameters  must  be  chosen  for 
photonuclear  kinetics  instead  of  neutron  kinetics.  Sampling  of  this  iaw  follows  the 
simple  formula  ofEo»  = LDAT(2)*(E„-LDAT(l))  in  the  center.of-mass  system-  Error 
checking  should  be  done  to  ensure  that  the  corresponding  TYRP  entry  is  negative  one. 
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Tabic  A- 14.  Law  dependent  fomat  tor  Energy  Law  2 (Discrete  Emission  Energy). 


Enei^  Laws  4, 44  & 61.  Energy  Laws  4. 44  and  61  are  tabular  energy 
distributions.  The  common  portion  of  the  data  format  for  this  set  oflaws  is  desenbed  in 
Table  A-16.  The  tabular  energy  di.stribution  provides  the  most  nexibility  of  the  energy 
laws.  Any  cncrgy.emission-spectml  shape  can  be  formed  provided  enough  grid  points 
arc  used.  Energy  sampling  is  necomplished  by  determining  the  two  closest  incident 
energy  grid  points,  sampling  a mndom  cumulative  probability  to  Endtbe  emission  energy 
from  each  grid  and  using  histogram  or  lincar'IinearintcrpolDtion  between  them.  If 
discrete  lines  are  used  in  the  emission  grid,  correspondence  of  these  lines  must  be 
maintained  between  grids.  Error  cheching  should  be  done  to  ensure  only  bisiogmm  or 
linear-linear  Interpolation  between  distributions  is  used  and  to  ensure  that  discrete  lines 
arc  correctly  handled.  The  format  of  die  tabular  disiributinn  itself  is  dependant  on  which 
law  is  specified. 
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described  In  Table  A-17.  Angular  discribudon  dais  musi  be  included  using  the  ANDP 
array.  Sampling  is  achieved  by  choosing  a random  number  between  zero  and  one. 
finding  the  cumulalivc  bin  in  which  the  random  number  falls  and  lalting  the 


ensure  that  the  largest  emission  energy  for  any  endotheimic  reactions  is  not  more  than  its 
corresponding  incident  energy,  that  the  probability  density  function  uitegrates  to  the 


The  tabular  distribution  format  for  Energy  Law  44  expands  the  Law  4 format  to 


distribution 
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Table  A- 17.  Tabular  distribution  format  for  Energy  Law  4 (Tabular  energy  distribution) 


Location  in  XSS 

Parameter 

Descrioiion 

DLWP(J)*LTB(N)-1 

N/A 

First  word  of  tabular  distribution 

DLWP(J)*LTB(N)-I 

INTT' 

distribution 

mod(lN1TM0)=  l->  Histogram 
moddNTT'.IO)-  2 ->  Lin.-Lin. 
Number  of  discrete  points  in 
distnbuuonND  = int/rN1T'/  im 

DLWPlJHLTBfN) 

NP 

DLWP(J><-LTB(N>tl  .. 
DLWPf.n+LTBfNHNP 

E^(0) 

0=1..NP 

Emission  energy  grid 

DLWP(J)*LTB(N)+1+NP .. 
DLWPfJHLTB(M1+2'NP 

PDF(O) 
0=1. .NP 

Piobabillty  density  function 

DLWP(J)+LTB(N)+1+2*NP  .. 
DLWP(JI-fLTB(Nl+2’NP 

CDF(0) 
0-1. .NP 

Cumulative  density  function 

Table  A-13.  Tabular  disuibution  format  for  Energy  Law  44  (Kalbach  coirelaled 

Location  In  XSS 

Parameter 

Description 

DLWP(J)+LTB(N>-1 

N/A 

daio  for  incident  energy  poini  N 

DLWP(J)+LTB(N)-I 

rNTT 

Overloaded  variable; 

mod(INTT',IO)  = 1 ->  Histogram 
modClNTTMO)  - 2 ->  Lin.-Lin. 
Number  of  discrete  points  in 

DLWPi.lHLTBfNl 

NP 

1 

•S 

1 

1 

z 

DLWP(J)*LTB(N>i-l  .. 
DLWPfJHLTBfNHNP 

E~(0) 

0-1..NP 

£0115.1100  energy  grid 

DLWP(J)*LTB(N)t-l*NP.. 

DLWP(JI+LTBIN1*2*NP 

PDF(OI 
0=1  .NP 

Probability  density  function 

DLWP(J)+LTB(N)+I+2*NP  „ 
DLWPlJI*LTBiN1+3'NP 

CDF(0) 

Cumulative  density  fluicHon 

DLWP(J)*LTB(N)+K3*NP  .. 
DLWP(J1--LTB1N1*4'NP 

R(0) 

0=1..NP 

DLWP(J)tLTB(N)+IM*NP  . 
DLWPlJHLTBINHS'NP 

A(0) 
0=1. .NP 

Kalbach-Chadwick  angular 
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Kalbach*87  formalism  [80,51].  For  pholonuclearrcacrions,  Ibe  slope  value  must  be 
compuTed  at  the  rime  tbe  table  was  produced  according  to  Chadwick's  modification  [I  I] 
to  Knibach's  original  formalism.  Sampling  of  Law  44  emission  energy  is  analogous  to 
Law  4.  Error  checking  should  be  done  to  ensure  that  the  value  for  all  R entries  is  in  the 
range  from  zero  to  one  and  that  the  value  for  all  a entries  is  a non<negarive  real  number. 

Currently,  the  emission  angle  in  MCNP  is  sampled  using  Kalbach's  original 
formalism.  It  is  under  discussion  whether  n new  law  should  be  added  to  address  the  fact 
that  secondary  panicle  emission  from  photonudeur  multi-step  compound  reactions  is 
more  correctly  represented  as  isotropic.  Due  to  the  relatively  small  a values  typical  of 
pholonuclesr  emissions,  this  would  be  a small,  leas  than  five  percent,  coirection. 

The  tabular  distribution  format  for  Energy  Law  61  expands  the  Law  4 format  to 
include  a pointer  to  on  angular  distribution.  Its  data  format  is  described  in  Table  A- 1 9. 
Positive  angular  distribution  locators  indicate  a tabular  angular  distribution  is  available 
and  it  is  sampled  by  the  same  algorithm  as  Angular  Law  2 dato.  Tabic  A-20  dcacribcs  the 
data  format  for  Law  61  tabular  angular  distribution  data.  A zcio  voluc  fora  locator 
indicates  an  isotropic  distribution.  Angular  Law  1 data  is  not  allowed.  All  stipulations 
for  Law  4 still  apply  to  the  energy  distribution  and  all  stipulations  for  Angular  Law  2 data 
apply  to  relevant  angular  information.  Error  checking  should  also  be  done  to  ensure  that 
the  value  of  all  angular  locatois  is  either  zero  or  a positive  integer  value. 

Energy  Law  S.  Energy  Law  S is  a temperature  scaled  equi-probable  binned 
function.  Its  data  format  is  described  in  Table  A-2 1 . At  the  current  time,  no  Los  Alamos 
National  Laboratoiy  supported  library  uacs  this  law.  The  emIssloD  ene^  is  computed 
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Tsbie  A-I9.  Tabular  distribulion  fomat  for  Energy  Law  6 1 (Correlated  tabular 
cnergy/angle  distribution). 
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by  multiplying  a nuclear  temperature  based  or  ihe  incident  energy  limes  n randomly 
sampled  equi-probable  binned  emission  probability.  This  law  has  been  superceded  by  the 
use  or  Law  4 distributions.  It  is  not  recommended  for  use  for  any  purpose. 

Energy  Law  T.  Energy  Law  7 is  a simple  Maxwell-fission  spectium  as  defined 
in  File  5 of  ENDF-6.  Its  data  format  is  described  in  Table  A-22.  It  is  appropriate  for  ail 
fission  reactions  including  pholonuclear  fission.  The  sampled  emission  energy  is  based 
on  the  function  flE->E„)  = C aqrl(E„)  exp(  -E„  / T(E) ).  The  emissioo  energy  is 
bounded  by  the  range  zero  to  the  incident  energy  minus  the  restriction  energy. 


emission  from  a compoiud  nucleus  decay.  The  sampled  emission  energy  Is  based  on  die 
function  f(E->Eu*,J  = C Ed«ii  exp(  *E«ii/  T(E) ).  The  emission  energy  is  bounded  by  the 
range  2eco  ID  ibe  incideni  energy  minus  ibe  rcstriciion  energy. 

Energy  Law  1 1.  Energy  Law  1 1 is  an  energy-dependent  WaR-spectrum  as 
defined  in  Filed  of  ENDF-6.  Its  data  formal  Is  described  in  Table  A-24.  The  sampled 
emission  energy  is  based  on  the  function  ftE->E^)  = C exp(  -Egu  / a(E) ) sinh(  sqrt(  -E„ 
b(E)) ).  The  emission  energy  is  bounded  by  ihe  range  zero  to  the  Incideni  ene^  minus 
ihe  resiKcrion  energy. 

Energy  Law  22.  Ene^  Law  22  isa  labular  linear  function  from  UK  Law  2 (no 
reference  ciurenlly  available).  Its  data  formal  Is  described  In  Table  A-2S  and  Table  A-26. 
li  is  not  recommended  for  use  in  photonuclear  tables.  It  is  similar  to  Law  I and  Law  4 in 
that  an  incident  energy  is  used  to  sample  a tabulated  distribution.  However,  the  table  is 
always  chosen  as  the  next  distribution  under  the  incideni  energy  and  no  imerpolalioo  is 
done.  Emission  energy  is  sampled  by  choosing  a random  number  In  Ihe  range  zero  to 
one,  finding  the  cumulative  binjust  below  the  sample  and  using  the  corresponding 
conslani  and  lemperaiure  in  the  formula  - CM  ” (E,n-T). 

Energy  Lnw  24.  Energy  Law  24  is  a labular  energy  mulliplier  distribuiion  bom 
UK  Law  6 (no  reference  currenily  available).  iLs  data  formal  is  described  to  Table  A-27. 
It  is  not  recommended  for  use  by  photonuclear  tables.  It  is  similar  to  Law  I and  Law  4 in 
that  on  mcident  energy  is  used  to  sample  a labuloicd  distribuiion.  However,  the  tabic  is 
always  chosen  as  Ihe  oexl  distribuiion  under  the  incident  energy  and  no  Interpolation  is 
done.  Emission  energy  is  sampled  by  clioosing  a random  number  in  the  range  zero  to 


232 


Table  A-24.  Law  dependent  format  for  Energy  Law  1 1 (Eoetgy  Dependent  Watt 
Spectrum). 


Location  in  XSS 

DescriDlion 

DLWP(f)tlDAT,-l 

LDAT(M) 

M=I..L 

Pninary  reference  for  law, 

LDATd) 

NR. 

Number  of  interpolation  regions 
(If  NR,=0.  NBT.  and  INT.  ate 

LDAT(2) .. 
LDAT(I*NR,} 

NBT.(N) 

N=I..NR, 

Starting  index  to  which  the 

LDAT(2*NR.) .. 
LDAT(l»2*NR.t 

INT.(N) 

LDAT(2+2*NRJ 

NE, 

Number  of  incident  energies 

LDAT(3t2*NR,).. 

LDAT(2r2*NR.*NE.t 

E.(N) 

N=1..NE. 

List  of  incident  energies 

LDAT(3+2*NR.+NE.).. 

LDAT(2+2*NR.»?*NF.t 

a(N) 

Energy  dependent  parameter  a 

LDAT(3+2’NR,*2’NE.) 
Ul  W = 3t-2‘NR.+2*NE, 

NRt 

LDAT(Wt-l).. 

LDATfW+NRa) 

NBTrfN) 

N=l-.NRb 

LDAT(W-rl+NR.) .. 
LDAT(W+2*NR«) 

INTb(N) 

LDAT(W*I+2'NR») 

NE, 

LDAT(W*2t2*NR»).. 

LDAT(W-m-2*NRa+NE.) 

E,(N) 

N-I.NE. 

List  Of  incident  energies 

LDAT(W+2+2*NRt+ME|,) .. 
LDAT(W-t-l+2*NRK+2’NE..l 

b(N) 

N-I..NE, 

Energy  dependent  parameter  b 

LDATtW*2t2*NR.+2'NE^I 

U 

Restriction  enerov 

233 


Table  A*23.  Law  dependent  format  for  Energy  Law  22  (Tabular  Linear  Functions). 


Location  In  XSS 

Parameter 

Descrintion 

DLWP(J>t-IDAT,-l 

LOATH ) 

Sj^VenT^r'^'larheader. 

LDATdl 

NR 

LDAT(2) .. 
LDAT(I+NR) 

NBT(N) 

N-1..NR 

Starting  inde*  to  which  the 

naranteier  aoolies 

LDAT(2tNR) .. 
LDAT(1+2*NR) 

INT(N) 

N=!..NR 

LDAT(2+2*NR) 

NE 

tabulated 

LDAT(3+2*NR) 

LDAT(2-t2*NRt-NE) 

LTB(N) 

N-I..NE 

Locators  for  tabular  distributions 
relattve  to  DLWPlI) 

Table  A-26.  Tabular  distribution  formal  for  Energy  Law  22. 

Locarion  in  XSS 

Desert  Dlioo 

DLWP(J)*LTB(N)-I 

N/A 

data  for  incident  eneruv  noint  N 

DLWPUH-LTBfNt 

NP 

DLWP(Jy*LTB(N)*l  .. 
DLWPIA+LTBfNHNP 

P(0) 

OI.NP 

Cumulative  probability  bin 
boundaries 

DLWP(J)+LTB(N)-H+NP .. 
DLWP(JHLTB(N1+2*NP 

T(0) 

0»I..NP 

Temperature  for  bin 

DLWP(J)+LTB(N)*l-t-2'NP  .. 
DLWPfJHLTBlNM'NP 

CM(0) 

0=I..NP 

Constant  tnultiplier  for  bln 

Table  A-27. 


US 

A-30  and  Table  A-31,  re^eciively.  This  dislribulion  first  samples  an  appropriate  cosine 
an  then  uses  the  tabular  energy  distribution  coirespondtng  to  the  sampled  angle.  This  law 


Table  A-28.  Law  dependent  formal  for  Energy  Law  66  (N-body  Phase  Space 
Distribution). 


Location  in  XSS 
DLWP(J)*IDAT,-1 


LDAT(l) 

LDAT{2) 


-alio  for  ibe  NPSX 


Table  A-30.  Tabular  distribution  foitnal  for  Energy  Law  67. 
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APPENDIX  D 

MISCELLANEOUS  DATA  FROM  VALH)ATION  STUDIES 


Introduction 

This  nppendis  comains  the  MCNP  input  docks  and  tabular  listings  of  the 
numerical  data  contained  in  Chapter  d.  They  are  presented  in  the  same  order  as  the 
llgures  in  the  test  with  one  deck  and  table  corresponding  to  each  graph.  The  input  deck 
for  each  graph  is  shown  at  a particular  Incident  electron  energy  corresponding  to  a single 
point.  The  input  decks  for  the  remaining  points  arc  idenbeal  except  for  the  value  of  the 
source  energy.  The  table  lisis  the  energy,  reported  value  and  calculated  value  for  each 
point  on  the  corresponding  graph. 

The  reported  values  come  from  the  two  reports  discussed  in  Chapter  4.  Swanson 
ruponed  his  neutron  yields  per  kilowatt  second  in  labular  form.  Tliese  numbers  hnve 
been  converted  to  neutrons  per  electron.  The  reported  values  are  listed  as  (value  ± 

George  results  were  reported  as  neutrons  per  electron  but  only  graphically.  Their  ligurcs 
were  digitized  and  the  best  estimate  of  energy^yicld  pairs  is  presented  in  the  table. 
Reported  values  are  listed  as  above  except  the  estimated  error  is  1 5 percent  as  given  by 

MCNP4BPN  as  described  in  the  text.  The  calculated  values  are  listed  as  (value  e one 
sigma  absolute  error).  Nolu  that  the  calculated  uncertainty  is  a measure  of  the  precision 
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ofthe  Moate  Carlo  simulalioo.  It  does  not  mclude  an  estimate  of  the  uncertainty  in  die 
data  or  die  model. 

The  last  three  input  decks  and  tables  contain  the  infbnnerion  used  to  study  the 
cfTccts  of  variarions  in  actual  versus  reported  parameters  for  die  Barber  and  George 
study.  The  baseline  case  is  the  Ta-I  target  at  the  2S.3  McV  incident  beam  energy. 
Incident  beam  energy,  target  thickness  and  beam  radius  were  all  varied  over  the  range 
*10  percent.  Forvariadons  m beam  radius  and  target  thickness,  change  the  appropriate 
parameter  to  create  the  variations  ofthe  input  deck. 
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Table  D-10.  Reported  and  calculated  yields  Tor  an  appnsximately  three  iadialion*Iength 


|!|i= 

S” 


Table  D-1 1.  Reported  and  calculated  yields  for  an  approximately  four  radiatioodcn 
liick  copper  BiBei. 
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Table  D<I3.  Reported  and  caleidatcd  yields  for  an  approximately  one  radialion*leog 
ibick  lead  target. 
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Table  D<I4.  Reponedand  calculoied  yields  for  on  appraximalcly  two  radiarioit'lerig 
thick  lead  target. 
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Table D* IS.  Reported ajii 
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Table  D-l  6.  Rcponed  and  cnlculaied  yields  for  an  approiiniatcly  four  isdiallon-len 
■hick  lend  laiget. 
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